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ABSTRACT
PART 0T1E. DEVELOPmEITT OF A HEW CARBOn FURT1ACE FOR ATOITIIC ABSORPTlOn 
SPECTROmETRY.
A new, m ultipurpose carbon fu rnace w as designed and  tested  for quan tita tive  
atom ic absorp tion  spec tro m etry . The furnace h ad  tw o separately  controlled 
h ea tin g  cham bers, one for vaporization of th e  sam ple an d  th e  o ther for 
atom ization  of th e  sam ple.
Basically, th ree  m odes of furnace operation w ere investigated. Q uantitation 
w as investigated  w ith  (a) th e  atom ization  section hot an d  (b) th e  atom ization 
section cold, for trap p in g  before atom ization. The vaporization section w as heated  
quickly in  each  case. Speciation of lead com pounds w as carried  out by slowly 
hea tin g  th e  vaporization section, w hile th e  atom ization  section w as hot. 
V ariations on these  basic m ethods (including th e  use of a  carbon rod sam pling  
device) w ere also studied. Elem ents investigated  included lead, m ercury , zinc, 
copper, nickel, tin , a rsen ic , an d  m agnesium . The new  furnace design w as shown 
(i) to e lim inate  sam ple loss, (11) to reduce m olecular background absorption, (iii) to 
be capable of m an y  different m odes of operation an d  (iv) to  be capable of speciation. 
It w as m uch  m ore v e rsa tile  th a n  com m ercially  availab le models.
PART TWO. STUDIES On SPECIATIOTl OF LITHIUm i n  BLOOD.
The use and  efficacy of lith ium  in  th e  tre a tm e n t of ce rta in  m en ta l disorders is 
well known, but its  mode of action  is  no t known. Several studies w ere carried  out
xxix
w ith  th e  goal of detecting tw o or m ore lith ium  species in  th e  blood serum  of m en ta l 
pa tien ts  undergoing lith ium  trea tm e n t. 'Coupled* techniques investigated  
included liquid ch rom atography  -  furnace atom ic absorption, liquid 
ch rom atography  -  inductively coupled p lasm a atom ic em ission, liquid 
chrom atography  -  flam e atom ic em ission an d  evolved gas an a ly sis  -  flam e atom ic 
em ission. For various reasons, d a ta  obtained w ith  th ese  techniques w ere 
inconclusive. Li -  7 Fourier tran sfo rm /n u c lear m agnetic  resonance w as used to 
detect two lith ium  peaks, w h ich  indicated  th e  possible presence of tw o lith ium  
species in  th e  blood serum  of two m en ta l pa tien ts  undergoing lith ium  trea tm en t.
XXX
P A R T  O n E
Development of a flew Carbon Furnace 
for Atomic Absorption Spectrometry
!
2
I. intRODUCTion
In  order to  u n d ers tan d  b e tte r th e  significance of th e  work presented  in  P a rt 
One of th is  d isserta tion , i t  is necessary  to  review  som e of th e  m a jo r advances in  
th e  field of e lec tro therm al atom ic absorption spectrom etry  (or carbon furnace 
atom ic absorption spectrom etry), a s  well a s  som e of th e  problem s associated w ith  
th e  technique.
A. DEVELOPmmT OF ELECTROTHERmAL ATOmiC ABSORPTlOn SPECTROmETRY
Since f irs t  introduced by Walsh in  1955 [1], a tom ic absorption spectrom etry  
(AAS) h a s  become th e  m ost widely used m ethod for determ in ing  trace  levels of 
m etals. The hollow cathode lam ps and  flam e a tom izers, used in  h is  pioneering 
work, a re  still th e  m ost popular lig h t sources and  atom izers.
Flam es do have som e serious d isadvan tages a s  atom ization  cells , however.
1) Flames p resen t a  hostile  env ironm en t for a tom s, m an y  elem ents a re  converted 
very  quickly to a n  oxide, w h ich  can n o t undergo atom ic absorption. 2) nebulizers 
for flam e atom izers have been found to have a  tra n sp o rt efficiency of only 6 - 7  X [2]. 
Therefore, m ost of th e  sam ple  is  lost a n d  never reaches th e  flam e, decreasing 
sensitiv ity . 3) The sam p le  is  effectively diluted by th e  flam e gases, reducing 
sensitiv ity . 4) Relatively la rge  sam ple volum es a re  required , on th e  order of 
several m illiliters. 5) Solids m u s t be dissolved before they  can  be analyzed. 6) 
Work a t  sh o rt w aveleng ths is  difficult because th e  flam e gases absorb  strong ly  
n e a r  th e  vacuum  u ltrav io le t region.
m an y  of these  problem s w ere overcome by electro therm al atom ization. The
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f irs t  practical e lec tro therm al atom izer for ana ly tica l spectroscopy w as reported  by 
L'vav in  1961 [3]. The device, show n in  Figure 1, consisted of a  tan tu lu m  foil lined 
carbon tube. The tube, th ro u g h  w hich  th e  lig h t p a th  passed, w as heated  
resistively  by passing  electrical cu rren t th ro u g h  it. Sample w as placed on th e  end 
of a  carbon electrode an d  dried. The sam ple  electrode w as in serted  in to  th e  
preheated  furnace tube and  heated  by a n  electrical a rc  from  a  secondary electrode. 
A tom ization took place as  th e  sam ple vaporized from  th e  ho t electrode surface and  
en tered  th e  hot furnace env ironm ent. A pulse of a tom s en tered  th e  ligh t p a th . The 
absorption peak h e ig h t w as re la ted  to  th e  absolute m ass  of an a ly te  in serted  in to  
th e  furnace.
The L’vov fu rnace provided excellent sensitiv ity , bu t r a th e r  poor precision and  
accuracy. In  addition, th e  furnace, a s  originally  designed, w as inconvenient to 
use an d  did not fit in to  com m ercial a tom ic absorp tion  in s tru m en ts .
IH assm an [41 an d  West [51 introduced e lectro therm al atom izers w hich  w ere 
eventually  adapted for use w ith  com m ercial a tom ic absorption in s tru m en ts . The 
q u artz  *T* sim ultaneously  introduced by Robinson [6] w as no t developed because of 
th e  cum bersom e rad io  frequency genera to r used.
The IR assm an furnace consisted of a  hollow tube of carbon, th rough  w hich 
th e  lig h t p a th  passed. Liquid sam ple  w as placed on th e  w all of th e  unheated  
furnace. Then, th e  furnace w as quickly heated , vaporizing an d  atom izing th e  
sam ple. This atom izer w as m ade availab le  com m ercially  by th e  Perkin  -  Elmer 
Corporation [7] for use w ith  th e ir  atom ic absorption in s tru m en ts  (Figure 2).
The West a tom izer consisted of a  carbon filam en t, w hich w as 2 m m  in
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d iam ete r (Figure 1). A liquid sam ple  w as placed on th e  surface of th e  unheated 
carbon filam ent. The filam en t w as heated  rap id ly . re leasing  a n  atom ic cloud in to  
th e  lig h t p a th , ju s t above th e  filam ent. The West carbon filam en t atom izer w as 
th e  prototype for a  wide v a rie ty  of carbon an d  m etal filam en t atom izers (8 - 13].
The a rea  im m ediately  above th e  carbon filam en t did not provide a  good 
env ironm ent far atom ic stab ility . This problem  prom pted Amos [14] to  drill a  hole 
th rough  th e  carbon rod  (Figure 1). A liquid sam ple  w as placed inside th e  hole, 
w hich also  served a s  th e  lig h t pa th . The carbon rod w as quickly heated, sending 
th e  atom ized sam ple  in to  th e  lig h t path . This 'm in i-n ia s sm a n ' atom izer w as 
offered, w ith  m odifications, by V arian  In stru m en ts , for use w ith  th e ir  atom ic 
absorption in s tru m en ts  (Figure 2).
Even though th e  com m ercial furnaces w ere insp ired  by th e  L’vov furnace, 
they  differed in  one m a jo r  w ay. The L'vov furnace offered a n  iso therm al 
env ironm en t in  w hich  to atom ize th e  sam ple. The com m ercial furnaces utilized a  
cyclic h ea tin g  p rogram . Sam ple w as placed in  th e  unheated  furnace, w hich w as 
th e n  quickly heated  to  a  h ig h  tem peratu re . The an a ly te  w as vaporized in to  a n  
env ironm ent w h ich  h ad  a  co n stan tly  chang ing  tem peratu re .
ITlore im portan tly , th e  tem p era tu re  a t  w hich  th e  an a ly te  w as released w as 
h ighly  dependent upon th e  sam ple m atrix . This phenom enon w as known a s  the 
m a trix  effect. The sam ple  m a tr ix  consisted of th e  solvent, dissolved solids and  
any  o rgan ic m a te ria l, (all of th e  sam ple -  except far th e  analyte). The tem pera tu re  
a t  w h ich  th e  an a ly te  w as vaporized h ad  a  g re a t effect on th e  sensitiv ity , w hich 
usually  increased  w ith  in c reasin g  tem peratu re . Since s tan d a rd s  and  sam ples
frequently  h ad  very  different m a trices  (eg. aqueous s tan d a rd s  an d  u rin e  sam ples), 
th e  m a trix  effect w as a  serious problem.
Several different approaches have been proposed to overcome m a trix  effects. 
The easiest w ay w as to  d ilu te th e  sam ple in  order to  approxim ate th e  pure w a te r  
m a trix  of th e  aqueous s tan d ard s . Often, w hen  th e  sam ple  w as diluted enough to  
e lim inate  th e  m a trix  effect, th e  ana ly te  w as too dilu te to be detected.
An obvious w ay to correct for th e  m a trix  effect w as to m a trix  m a tch  the  
sam ple and  s tan d ard s . For exam ple, s tan d a rd s  used for u rine  analyses would have 
the  sam e concentrations of m a jo r  sa lts  (and perhaps proteins) a s  th e  sam ple itself. 
A not so obvious p roblem , w as th e  w ide v arie ty  of m a trice s  possible for th e  sam e 
type of sam ple. In  th e  case of u rin e  sam ples, s a lt  concen trations could v ary  widely, 
especially for ill pa tien ts.
The tim e-honored  m ethod of s ta n d a rd  addition h ad  been applied w ith  success 
to furnace AAS. U nfortunately, th is  extended a n  a lready  leng thy  analy sis  tim e 
from  1 - 2  m in  to  3 -  10 m in . The long analy sis  tim e  negated  som e erf advan tages of 
furnace AAS, because flam e AAS required  only a  few seconds of an a ly sis  tim e.
no reasonab le m ethod for dealing w ith  th e  m a trix  effect in  furnace AAS w as 
availab le u n til 1075, w h en  Ediger introduced th e  concept of m a trix  m odification 
[15], This m ethod utilized  th e  addition of one or m ore reag en ts  to  th e  sam ple, 
m a trix  m odification w orked in  one of several w ays. 1) The an a ly te  could be trapped  
in  th e  sa lt  la ttice  of th e  m a trix  modifier. This would allow a  h ig h e r ash in g  
tem p era tu re  to  be used to  drive off th e  n a tiv e  sam ple  m a trix  [16]. The only m atrix  
left would be th e  added m a trix , w hich  should be th e  sam e from  sam ple to  sam ple.
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2) Sample m a trix  could be rem oved, before vaporization of th e  ana ly te , by 
chem ical reac tion  w ith  th e  m a trix  modifier. An exam ple w as th e  volatilization of 
chloride as  HC1 [17]. 3) Various reducing  agen ts, used as  m a trix  m odifiers, have 
increased  an a ly te  sensitiv ity  [18.10]. p resum ably  by providing a  b e tte r reducing  
env ironm ent inside th e  furnace. However, a  d isadvan tage w as th a t  m a trix  
m odification increased  th e  possibility of con tam ination  of sam ple an d /o r 
s tan d ard s , th rough  th e  use of im pure reagen ts . When w orking a t  trace  levels, th is  
w as a  serious problem .
In  1978, L'vov proposed an o th e r m ethod for dealing w ith  th e  m a trix  effect [20]. 
He suggested th a t  a  th in , rec tan g u la r p la te  of carbon be placed inside com m ercial 
furnaces, Figure 3. This device becam e know n as  th e  L'vov platform . The platform  
w as heated  only by rad ia tio n  from  th e  surrounding  furnace. A sam ple placed on 
th e  p la tfo rm  w as heated  m ore slowly th a n  th e  furnace itself. The an a ly te  
vaporization w as delayed u n til th e  fu rnace w as a t  a  h igh , n early  stab le  
tem peratu re . Under these  conditions, m a trix  effects have been, reportedly, 
reduced [21, 22]. Together w ith  m a trix  m odification, th e  L'vov platform  h a s  been 
able to  com pletely overcom e m a trix  effects in  c e rta in  system s [23 -  25]. However, 
th e  above platform  did n o t to tally  e lim inate  m a trix  effects by itself. If m a trix  
m odification w as used, in  conjunction w ith  th e  L'vov platform , th en  th e  possibility 
of con tam ina tion  of sam ple  and /o r s ta n d a rd s  w as enhanced.
The success of th e  L'vov p la tfo rm  insp ired  th e  developm ent of tw o re la ted  
techniques. Lawson an d  Woodriff designed a  double w alled furnace th a t  delayed 
an a ly te  vaporization un til th e  fu rnace tem p era tu re  w as h igh  and  nearly  co n s tan t
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[26], Holcombe an d  Sheehan developed a  furnace technique te rm ed  ’second surface 
a tom iza tion ’ [271. The an a ly te  w as trapped  on a  cool carbon plug during  th e  
c h a rrin g  step. The la rge  m a ss  of th e  carbon plug prevented i t  from  h ea tin g  as  
quickly a s  th e  fu rnace itself. Thus, during  atom ization , th e  vaporization an d  
atom ization  of th e  an a ly te  w as delayed, u n til th e  furnace reached  a  h igh , nearly  
s tab le  tem pera tu re . Both designs, like th e  L'vov pla tform , resu lted  in  reduced 
m a trix  effects.
L'vov also proposed th e  use of ’probe a tom iza tion ’ or "constant tem pera tu re  
atom iza tion ’ [28]. In  th is  m ethod, th e  sam ple  w as placed on th e  end of a  tungsten  
or carbon filam ent. The filam en t w as placed n e a r  a  hea ted  furnace to d ry  an d  c h a r 
th e  sam ple. After th e  com m ercial furnace h ad  been heated  to  th e  atom ization  
tem pera tu re , th e  probe w as plunged in . The an a ly te  w as vaporized in to  a  co n stan t 
tem p era tu re  furnace, in  a  m a n n e r  s im ila r  to  th e  L'vov furnace. Several w orkers 
have worked w ith  probe atom ization  and  m an y  have reported  decreased m a trix  
re la ted  in terferences w hen  th e  probe w as used [29 -  37],
The success of th e  L’vov platform  an d  th e  carbon probe resu lted  from  the  
u tilization  of a  co n s tan t tem p era tu re  (or n early  co n s tan t tem peratu re) furnace. 
L'vov [3. 20.28. 38), Woodriff [39 -  44] an d  Robinson [45 -  54,62 -  86] have used and  
advocated th e  use of co n s tan t a tom ization  tem p era tu re  furnaces, because of th e  
lack of m a trix  effects exhibited by th ese  furnaces.
Com m ercial fu rnaces suffer from  tw o m a jo r problem s. The m ost easily  
recognized problem  is  th a t  of m olecular absorption. When a  liquid sam ple (aqueous 
or organic) is vaporized inside a  carbon furnace, a  la rg e  num ber of molecules and
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m olecular frag m en ts  a re  generated . These species usually absorb  UV rad ia tio n  a t  
th e  analy tica l w aveleng th , a t  le ast to  som e degree. W ith a  s ta n d a rd  hollow 
cathode lam p , i t  is  im possible to  d is tingu ish  betw een atom ic absorp tion  and  
m olecular background absorption. There a re  several different m ethods of 
background correction, w hich  a re  cu rren tly  available on com m ercial in s tru m en ts  
[55 -  57].
U nfortunately, no com m ercial background correction m ethod is  capable of 
com pletely e lim inating  th e  background problem . In  order for th e  background 
correction sy stem s to  w ork, th e  background absorption m u st be reduced to  a  
m anageab le level th ro u g h  a n  in tr ic a te  tem p era tu re  program . After th e  sam ple is 
placed in  th e  furnace, th e  furnace tem p era tu re  is ra ised  to  60 -  120 *C. This 
rem oves th e  solvent, next, th e  fu rnace tem p era tu re  is  increased to 500 -  1500 *C in  
order to vaporize an d  decompose th e  r e s t  of th e  sam ple m atrix , w h e th er i t  is 
o rganic  or inorganic. Finally, th e  furnace tem p era tu re  is  increased  to  1800 -  
3000 *C. The ana ly te , rela tive ly  free of its  solvent an d  m a trix , is  vaporized and  
atom ized. As th e  above discussions on m a trix  m odification an d  th e  L'vov platform  
indicated, th e  te m p era tu re  p rog ram  approach  does no t rem ove a ll of th e  sam ple 
m atrix . However, th e  m ethod is  sufficient to  reduce background absorption to 
acceptable levels for m a n y  sam ples, especially aqueous ones. If th e  sam ple is 
atom ized before i t  is  d ried  an d  ashed , th e  m olecular species resu ltin g  from  th e  
decom position of th e  solvent an d  m a trix  com pletely absorbs th e  hollow cathode 
rad ia tion . For th is  reason , th e  th ree  step  h ea tin g  program  is  absolutely necessary  
w hen com m erical fu rnaces a re  used.
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The tem p era tu re  p rogram  m ethod reduces background absorption, bu t it  
frequently  crea tes  an o th e r problem . Hlany volatile elem ents a re  easily lost during 
th e  dry ing  and /o r a sh in g  steps, especially m ercury  1563. Since th e  loss occurs 
before th e  atom ization  tem p era tu re  is  reached, th e  loss goes undetected. Such a 
loss causes gross inaccuracy  and  im precision.
B. PEVELOPmEnT OF THE DOUBLE STAGE FUR PLACE
1. Quartz *T* A tom izer
At th e  In terna tiona l Atomic Absorption Conference held a t  Sheffield. England 
in  1060, Robinson announced th e  developm ent of a  new  electro therm al atom izer 
[5], The q u a rtz ’T’ (or carbon bed) atom izer, show n in  Figure 4, consisted erf a  
hollow, inverted  "T* shaped  device, fabricated  from  quartz . The cross piece of the  
"T" served as  th e  lig h t p a th  for th e  in s tru m en t. A bed of carbon chunks, contained 
in  a  q u artz  holder, w as suspended in  th e  vertica l "T" stem . The carbon bed w as 
heated , inductively, by a  rad io  frequency (RF) coil . w rapped around the  stem  of 
th e  ‘TV
Samples, of pL size, w ere dropped onto th e  heated  carbon bed. As th e  sam ple 
w as d raw n  th rough  th e  carbon bed, by a  vacuum  pum p, it  w as decomposed and  
atom ized, before i t  reached  th e  lig h t p a th . Since th e  atom ization process took 
place outside of th e  lig h t p a th , th e  elaborate  h ea tin g  program , ch arac te ris tic  of 
com m ercial a tom izers, w as unnecessary . This w as because m ost of th e  m olecular 
species w ere reduced to a tom ic s ta te  before they  reached  th e  lig h t path . Sample 
loss w as m ade im possible because th e  an a ly te  could only exit the
Figure 4
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atom izer th rough  th e  lig h t p a th , an d  th e  d ry ing  an d  a sh in g  steps w ere avoided.
The q u artz  "T” a tom izer h a s  been used  w ith  a  w ide varie ty  of complex 
m a trices  [48 -  54] a n d  h a s  dem onstra ted  excellent sensitiv ity  for m an y  elem ents. 
In alm ost all cases, th e  sam ple  m a trix  w as broken down com pletely an d  gave 
little  or no in terference. There w ere tw o reasons for th e  exceptional m a trix  
reduction capability  an d  h ig h  sensitiv ity  exhibited by th e  q u a rtz  "T*. F irst of all, 
th e  sam ple vapor w as in  con tac t w ith  th e  ho t carbon, over a  w ide surface area , for 
a  re la tively  long period of tim e, a s  m uch as  several seconds. This provided am ple 
tim e for th e  sam ple to be com pletely atom ized before i t  en tered  th e  lig h t path . 
A nother factor w h ich  con tribu ted  to  th e  h ig h  atom ization  efficiency w as th e  h igh  
concen tration  of carbon monoxide an d  hydrogen in  th e  atom izer. These gases w ere 
form ed by th e  well know n w a te r  -  gas reaction:
900 *C
H 20 + C ------------- ► CO + H 2
Cx H y 0 ^  CO + Hg
Carbon monoxide an d  hydrogen a re  excellent reducing agen ts  a t  h igh  
tem peratu res. They contribu ted  to th e  h ig h  atom ization  efficiency and  
m ain ten an ce  of th e  atom  population a fte r atom ization. Since th e  atom izer and  
lig h t p a th  w ere a t  a  co n s tan t tem pera tu re , th e  advan tages of th e  L’vov and  
Woodriff co n s tan t tem p era tu re  furnaces w ere also  p resen t in  th e  q u artz  "T* 
atom izer.
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The qu artz  *T’ atom izer h ad  one m a jo r  flaw. It could no t be operated a t  
tem p era tu res  above 1500 *C. At h ig h e r tem p era tu res, th e  qu artz  began  to  soften 
an d  th e  "T* w as easily  dam aged or destroyed. The 1500 *C tem p era tu re  lim it did not 
h inde r th e  sensitiv ity  of th e  volatile e lem ents, such  a s  lead, cadm ium  an d  
m ercury, m ore refrac to ry  elem ents, w ith  low volatilities, such  as  p la tinum  and  
gold, could not be easily  detected. Other m a te ria ls  w ere available for use a t  
tem pera tu res above 1500 *C, bu t th e ir  use w as no t p ractical for physical or 
economic reasons.
2. Carbon *T* Atom izer
The nex t developm ent w as th a t  of th e  carbon T* atom izer. This device 
consisted of a  hollow "T" fabricated  from  carbon tubes (o ' carbon rods). As w ith  the  
q u artz  T ”, th e  cross piece of th e  "T" served a s  th e  lig h t p a th , w hile th e  stem  served 
as th e  atom ization  cham ber. This a tom izer design w en t th rough several 
m odifications [47, 59 - 66], som e of w hich a re  show n in  Figure 5. These atom izers 
w ere quite successful. One carbon "T* atom izer h a s  been used quite successfully as 
a n  elem ent specific detector for gas ch rom atography  [62. 64 -  66]. The carbon "T" 
exhibited th e  sam e h ig h  sensitiv ity  an d  background reduction capabilities a s  did 
th e  qu artz  "TV In  addition, th e  carbon  could be ra ised  to  tem pera tu res of 3000 * -  
3200 *C, w hich  m ade th e  d e term ina tion  of th e  refracto ry  e lm en ts m uch easier.
3. Double Stage Furnace
In  order to  use th e  carbon "T* for speciation studies, a  modified version, called 
th e  double (or two) s tag e  fu rnace  w as developed. The double s tage  furnace consisted 
of two, separate ly  controlled, h ea tin g  cham bers. As originally  designed, th e
16
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fu rnace consisted of tw o tubes (Figure 6). One tube contained th e  atom ization 
cham b er an d  th e  lig h t p a th . The o th e r tube contained th e  vaporization section.
The principle of operation of th e  double s tag e  fu rnace for speciation w as as 
follows. The sam ple  w as  placed in  th e  vaporization  section. The atom ization  
section w as heated  to  th e  a tom ization  tem peratu re , next, during  several m inu tes, 
th e  tem p era tu re  of th e  vaporization section w as slowly increased. The different 
compounds vaporized a s  th e ir  boiling points w ere reached , leaving behind the  
h ighe r boiling com ponents. Each vapor s ta te  com pound passed  th rough  th e  hot 
atom ization  section, w here  i t  w as atom ized, an d  th e n  in to  th e  lig h t p a th  w here 
th e  a tom ic absorption m easu rem en t w as m ade. In  th is  w ay, speciation w as 
accom plished by u tiliz ing  th e  differences in  volatilities of th e  various compounds in  
th e  sam ple. Only com pounds th a t  contained th e  elem en t of in te re s t w ere detected 
by th e  a tom ic absorption system .
In th e  work w ith  th e  f ir s t  version of th e  double s tag e  furnace (46, 50], w hich 
used carbon tubes, th e  designs of th e  connecting electrodes w ere varied  for 
optim um  resu lts . The fu rnace  housing w as designed an d  built. The f irs t furnace 
design dem onstra ted  th e  feasib ility  of using  th e  double s tag e  fu rnace for speciation, 
though fu rth e r developm ent w as needed.
The in troduction  of th e  f irs t version  of th e  double s tag e  furnace by Robinson 
an d  Rhodes in  1080 [46] w as  followed by th e  developm ent of double s tag e  furnaces by 
o ther w orkers (67, 68]. These furnaces, though  s im ila r  in  concept, w ere quite 
different in  design from  th e  double s tag e  furnace of Robinson an d  Rhodes. They 
w ere used for q u an tita tiv e  analy sis  r a th e r  th a n  speciation an d  did no t have
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v ersa tility  of th e  Robinson-Rhodes furnace design.
The second double s tag e  furnace design, reported  by Robinson and  Jow ett [45] 
w as designed an d  bu ilt using  th e  re su lts  obtained from  th e  f irs t design, 
m olybdenum  tubes w ere substitu ted  for th e  carbon tubes, to elim inate  th e  porosity 
problem  encountered w ith  th e  carbon. To fac ilita te  convenient tube rep lacem ent, 
th e  electrode connections an d  furnace housing w ere  redesigned. To increase  th e  
atom ization  efficiency, th e  in te rio r d iam ete r of th e  atom ization  section w as 
reduced.
These changes m ade th e  double s tage  fu rnace easie r to operate and  brought 
sign ifican t im provem ents in  its  perform ance.
The rem a in d er of P a r t One of th is  d isse rta tio n  describes th e  design an d  use  erf 
a  th ird  genera tion  double s tag e  furnace. This design enabled th e  device to  be used 
for q u an tita tiv e  analy sis , w hile s till re ta in in g  th e  desirable speciation 
capabilities.
4. A note on Terminolocru
It should be noted th a t  in  com m on usage, w hen  re fe rrin g  to atom ic 
absorption, th e  te rm s  ‘atom izer* and  ‘furnace* a re  used in terchangeably . This is 
because v irtually  all com m ercial carbon atom izers a re  furnaces (a sem i-enclosed, 
heated  tube). Throughout th e  rem a in d e r of th is  d isserta tion , th e  te rm  ‘a tom izer’ 
will no t be used, in  order to  avoid possible confusion of th e  te rm s ‘a tom izer’ (which 
could refer to th e  en tire  double s tag e  furnace) an d  ‘atom ization  section ' (only one 
p a r t  of th e  double s tag e  furnace).
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ii. EQUipmEni
A. FURI1ACE CQmPQnEnTS
I. modified Electrodes
a. F irst m odification 
Beginning w ith  th e  ea rlie s t carbon furnace designs [3, 4 ] ,  th e  electrically  
heated  carbon tube w as connected to m etal electrodes a t  both  ends by w ay of 
carbon supports. These carbon  supports provided a  th e rm al b a rr ie r  to h e a t flow 
betw een th e  g rap h ite  tube an d  th e  electrodes. This enabled th e  carbon to  be heated  
to  h ig h  tem p era tu re  w ith  a  m in im um  expenditure of energy an d  gave added 
protection to  th e . re la tive ly , low m elting  m etal electrodes. However, th e  
atom ization  and  vaporization  took place in  one s tep  -  a  serious disadvantage. To 
im prove on th is , a  tw o s tag e  system  w as developed.
In  th e  early  double s tag e  fu rnace designs [45, 46. 59. 69], p ractical problem s 
w ere encountered w ith  th e  carbon supports w hich  w ere very  difficult to  m ach ine  
properly. If th e  fit w as poor betw een th e  electrode an d  support, or betw een th e  
tube and  support, th e n  a rc in g  resu lted . The a rc in g  quickly eroded th e  m etal 
and /o r carbon surfaces. Over tim e, th is  broke th e  electrical connection . Several 
different carbon support configurations w ere used [69], none of w hich w ere en tire ly  
successful. They ail suffered from  one o r m ere  of th e  following problem s: difficult to 
m achine, difficult to  in s ta ll, poor electrical connection an d  poor physical 
connection. It should be noted th a t  com m ercial in s tru m e n ts  u tilize carbon 
supports. These a re  successful because of th e  superior m ach in ing  precision 
available to  th e  in s tru m e n t m a n u fac tu re rs .
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The problem  of physical connection w as th e  m ost severe. It proved difficult, if 
n o t im possible, to  produce a  g a s - tig h t connection, especially betw een th e  carbon 
supports and  electrodes. Because of th e  gas leaks, th e  argon  flow th rough  th e  tube 
w as no t a s  h igh  a s  w as thought. Lack of knowledge concerning th e  actual argon  
flow ra te  probably contributed  to im precision.
The fron t an d  back electrodes, a s  well a s  th e  tube itself, w ere redesigned to 
e lim in a te  th e  need for th e  carbon supports. Figure 7 show s th e  old a n d  new 
electrode designs. The new  electrode design h ad  been conceived by a  previous 
w orker, bu t never tried.
Collets w ere used to c lam p  th e  tube directly  to th e  electrode in  th e  new  design. 
The collet design allowed th e  use of one long tube r a th e r  th a n  two sh o rt tubes as 
h ad  been used previously. A hose clam p  w as placed around th e  collet. Tightening 
th e  hose d a m p  tigh tened  th e  g rip  of th e  collet on th e  tube. This provided a  b e tte r  
a n d  less com plicated electrical connection betw een th e  electrode an d  th e  tube th a n  
provided by carbon supports.
The top and  bottom  electrodes w ere no t changed a s  d rastically . Since a  h ea t 
sink  a t  th e  cen te r of th e  new  fu rnace design would have a  de trim en ta l effect on 
perform ance, th e  carbon supports w ere re ta ined . The carbon support itself w as 
a ltered , however. A sing le  tube w as used in  th e  new  furnace design. Thus, i t  w as 
possible to  divide th e  cen te r  carbon electrode in to  two p a rts , a s  show n in  Figure 
7. These carbon supports w ere positioned above and  below th e  tube to  connect the  
tube w ith  th e  top an d  bottom  b rass , w ater-cooled electrodes. The con tact a re a  
betw een th e  supports an d  th e  tube w as m inim ized. This w as to  fu rth e r reduce th e
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Figure 7
Old and new  designs for  the  f ront e lectrode ,  showing the 
old carbon support  and new collet, and old and new 
ce n te r  carbon e lec t rode  designs.
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h e a t sink  effect and  allow  th e  cen ter of th e  tube to a t ta in  th e  h ig h est possible 
tem peratu re .
b. Second m odification 
When th e  furnace w as  brought to  its  m axim um  tem pera tu re  the  collets w ere 
heated  to a  tem p era tu re  close to th e  m elting  point of b rass . This caused th e  collets 
to  be deform ed an d  electrical contact w as lost.
An a tte m p t w as m ade to  use steel collets, bu t th e  h ig h  res is tan ce  an d  th e  low 
th e rm al conductivity of th e  steel caused i t  to m elt.
The design of th e  b ra ss  collets w as changed to allow for w a te r cooling. Two 
"fingers' w ere used for each  collet in stead  of four. The in te rio r of each "finger" w as 
hollowed out to allow cooling w a te r from  th e  in te rio r of th e  electrode to en ter. It 
w as an tic ipa ted  th a t  localized h ea ting  a t  th e  ends of th e  collets could cause boiling. 
Boiling would probably cause th e  electrode to v ib rate , w hich would sho rten  the 
lifetim e of th e  th in  carbon  furnace.
2. Carbon Furnace
a. Choice of Furnace m a te ria l 
As w as m entioned in  th e  Introduction, one of th e  orig inal double stage 
a tom izer designs used m olybdenum  tubes, m olybdenum  w as ideal for th e  
speciation studies ca rried  out a t  th a t  tim e  because th e  m eta l surface did not 
become porous a fte r i t  w as heated  repeated ly , a s  did carbon. A porous surface 
allowed th e  liquid sam ple  to soak in . This w as undesirab le because th e  analy te  
requ ired  a  longer period to  vaporize an d  pass out of porous surface. The resu lts  
w ere broader peaks, poorer resolution an d  poorer sensitiv ity . The use of
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m olybdenum  avoided th ese  problem s.
Carbon w as chosen a s  th e  fu rnace m a te ria l over m olybdenum  for several 
reasons. 1) The new  fu rnace design, outlined in  th is  section would requ ire  two to 
th ree  tim es th e  m a ss  com pared w ith  previous designs. 2) m olybdenum  rod  is 
r a th e r  expensive an d  th e re  w as a  lim ited  am oun t erf i t  available. 3) Carbon could be 
m ach ined  by th e  au th o r in  th e  laboratory , w hile m olybdenum  could be m achined  
only by th e  experienced m ach in e  shop personnel. 4) A la rge  n um ber of furnaces 
would be needed du ring  th e  course of th is  research . This reenforced th e  th ree  
reasons m entioned  above. 5) A la rge  stock, pile of carbon rods w as available far use. 
6) The porosity of carbon would be less problem atic during  q u an tita tiv e  studies, 
w hich  m ake up  th e  bulk of th is  re sea rch , th a n  d u ring  speciation studies.
Thus, th e  advan tages of using  carbon  for th e  furnace m a te ria l outweighed th e  
d isadvan tages.
b. F irst Furnace Design
When th e  new  electrode an d  collets w ere designed, th e  in te rio r d iam ete r of 
th e  collets w ere specified to  be 025  in ch  (0.635 cm). This provided a  good f it w ith  
th e  o n e-q u arte r in ch  carbon rods w hich  w ere available.
Upon delivery of th e  new  electrodes, i t  w as discovered th a t  th e  carbon rods 
w hich  w ere reported ly  ' i  /4 in c h ' in  d iam ete r w ere in  fac t 0.242 inch  (0.615 cm). The 
collets w ere n o t flexible enough to  c lam p  down on a  rod of such  sm all d iam eter.
Thus, i t  w as necessary  to begin w ith  a  carbon rod of la rg e r d iam eter, 0.365 
inch  (0.927 cm ), an d  reduce th e  d iam ete r by m achin ing . Electrode connections a t  
th e  ends of th e  vaporization  an d  a tom ization  sections w ere m ach ined  to about 0.25
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Inch in  outside d iam ete r (O.D.) to m a tch  th e  collet Inside d iam eter (ID.), a s  seen in  
Figure 8. These electrode OD.'s w ere critica l. If th e  OD. w as w rong by about 0.005 
inch  (0.013 cm ), th en  th e  carbon would n o t f it in  th e  collet properly. A la rge  0. D. 
did no t allow th e  carbon to  slip  in to  th e  collet. A sm all 0. D. resu lted  in  a  loose fit 
an d  a  poor electrical connection.
The electrode connection for th e  cen te r electrodes w as left a t  th e  original 0D. 
The carbon supports w ere m ach ined  to f it  th is  OD. snugly.
The OD.'s of th e  atom ization  an d  vaporization sections w ere reduced. This 
Increased th e  res is tan ces  of these  sections an d  allowed a  h ig h e r tem pera tu re  to be 
a tta in e d  w hen  th e  furnace w as heated.
Finally, th e  atom ization  section w as drilled  out to  a n  l.D. of 0.0625 inch  (0.158 
cm). The vaporization section and  th e  furnace extension w ere drilled out to  0.125 
inch  (0.318 cm).
There w ere several problem s w ith  th is  fu rnace design. Because th e  exterior of 
each fu rnace required  so m uch  m ach in ing , th e ir  m anufacture w as difficult and  
very  tim e consum ing. In sta lla tion  of th e  fu rnace in to  th e  furnace housing w as 
quite com plicated: th e  fro n t electrode h ad  to be com pletely rem oved from  the  
furnace housing an d  th e n  replaced by carefully screw ing i t  back in to  th e  housing. 
It w as no t uncom m on for th e  furnace to  break  as  th e  fron t electrode w as screw ed 
back in to  place. One additional d isadvan tage of th is  furnace design w as th a t  
m ach in ing  th e  exterior of th e  furnace tube seem ed to  w eaken th e  carbon m ore th a n  
w as expected. The fu rnace usually  broke w here  th e  atom ization  section m e t th e  
cen ter electrode connection.
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This f irs t  design w as used for quite som e tim e. The m a jo ritg  of th e  studies on 
lead w as done w ith  it.
c. Second Furnace Design
After u sing  th e  f irs t fu rnace  design for quite som e tim e, i t  becam e ap p aren t 
th a t  its  d isadvan tages w ere  too severe to  continue w ith  it. The s lits  in  th e  collets 
w ere lengthened. This allowed th e  collets to  g rip  th e  sm alle r 0242 inch  (0.615 cm )
O.D. carbon rods. The new  furnace design  w as based on these  rods, as  seen in  
Figure 8.
There w ere several advan tages over th e  f irs t  furnace design. 1) The exterior 
required  no m ach in ing , g rea tly  reducing  th e  tim e necessary  for th e ir  
m anufacture. 2) In sta lla tion  w as fa s te r  an d  easie r because th e  furnace w as sim ply 
slid  th rough  th e  front electrode an d  clam ped in to  place.
A cross piece w as added to  th is  fu rnace design in  order to  extend th e  lig h t 
path . This w as advantageous because th e  atom ic absorption signal for a  given 
sam ple concen tration  w as g re a te s t w hen  all of th e  an aly te  atom s w ere in  th e  lig h t 
p a th  sim ultaneously. The cross piece w as constructed  of a  5.0 cm  leng th  of 0.365 
inch  (0.927 cm ) O.D. carbon rod th a t  h ad  been drilled out to 025 inch  (0.635 cm ) I.D. A
0.25 inch  hole w as drilled th rough  th e  cen te r of th e  cross piece. This allowed th e  
cross piece to be positioned over th e  lig h t p a th  of th e  furnace.
In itially , a  m ix ture of furfuryl alcohol an d  concentrated  HC1 w as used to 
cem ent th e  tw o carbon tubes together. If th is  procedure w as carried  out a fte r th e  
furnace an d  cross piece h ad  been insta lled , th e  HC1 fum es corroded p a r ts  of the  
exposed m eta l com ponents. If th e  p a r ts  w ere insta lled  a fte r being cem ented
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together, th e  fron t a n d  back electrodes h ad  to  be rem oved. Both of these  
procedures w ere undesirable. It w as determ ined  th a t  no loss of sensitiv ity  occurred 
if th e  cross piece w as allowed to  sim ply  r e s t  on th e  furnace, w ithout being 
cem ented in to  place. This m ethod w as used throughout m ost of th is  work. The 
furnace w ith  cross piece an d  electrode connections a re  illu stra ted  in  Figure 9.
d. Third Furnace Design 
A new  furnace design  w as needed for co n s tan t tem p era tu re  atom ization. That 
procedure is  discussed in  a  la te r  section.
This fu rnace design w as s im ila r to  th e  second design except th a t  th e  furnace 
extension w as s ligh tly  longer, a s  illu s tra ted  in  Figure 8. A sh o rt s id e -a rm  w as 
added to th e  in le t end  of th e  fu rnace tube. This allowed th e  argon  to  be introduced 
in to  th e  fu rnace th ro u g h  th e  s id e -a rm  r a th e r  th a n  from  th e  end.
A Teflon ad ap te r w as a ttach ed  to  th e  furnace tube w ith  a  sh o rt len g th  of Tygon 
tubing. This adap to r accepted th e  second carbon rod  sam pling  device design, 
described below.
3. Carbon Rod Sam pling Device ( CRSD )
a. F irst Carbon Rod Sam pling Device Design 
The carbon  rod  sam pling  device (CRSD), illu s tra ted  in  Figure 10, w as a  carbon 
rod  approxim ately 12.7 cm  long an d  s ligh tly  less th a n  0.38 cm  In  d iam eter. Each 
CRSD w as m ach ined  from  a  carbon rod  of 0.242 in ch  (0.615 cm  ) d iam eter.
One end, called th e  sam ple  head , w as s ligh tly  la rg e r  in  d iam ete r an d  h ad  a  
fla t face. A sm all depression carved  in to  th e  sam ple  head  held  2 -  5 |iL of sam ple. 
These carbon rods w ere easy  to  m ach in e  bu t w ere  fragile, due to  th e  sm all
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Uieui of  the  Inter ior  of  the  Furnace Housing
front brass electrode
thermocouple
top brass 
electrode
carbon
.electrode
atomization section
vaporization
section
bottom b rass  
e lectrode
/
back b rass 
electrode
30
Figure 10
Carbon Rod Sampling Deuice Designs
n
Sample Depression
i
S i '
J
Sample
First CRSD Design Head
Iff
Teflon Adaptor Sample Head
▲
Second CRSD Design
31
diam eter, an d  h ad  to  be carefully handled. They w ere designed to  be slid  in to  th e  
vaporization  section from  th e  furnace in let.
b. Second Carbon Rod Sam pling Device Design
This design w as m uch  like th e  firs t. As can  be seen from  Figure 10, th e  end of 
th e  rod opposite th e  sam ple  head  w as left a t  th e  original 0242 inch  ( 0.615 cm ) 
d iam eter. This end  fit inside a  Teflon adap ter.
The second CRSD design w as m e an t to  be used w ith  th e  th ird  furnace design 
for co n stan t tem p era tu re  atom ization , w h ich  is discussed in  a  la te r  section.
4. Furnace Housing
The carbon furnace rap id ly  deterio rated  if i t  w as heated  in  th e  presence of 
oxygen. Thus, i t  w as necessary  to isolate th e  furnace in  a  housing purged w ith  an  
in e rt gas, such  a s  argon. The furnace housing described below w as originally  
designed by a  previous w orker [45, 69], The housing w as m ade of alum inum  and  
had  channe ls  to  provide w a te r  cooling. There w as a n  argon  in let. An exhaust port 
w as vented to a  hood v ia  a  len g th  of Tygon tubing.
Electrodes in  th e  fron t, back, an d  bottom  screw ed in to  th e  housing. The end 
of each electrode w as positioned precisely by carefully screw ing th e  electrode in  or 
out of th e  housing. Unlike th e  o ther electrodes, th e  top electrode w as sp ring  
loaded.
Access to  th e  housing in te rio r w as provided by rem ovable panels, o r doors, 
w hich  form ed th e  two sides of th e  housing. Each door h ad  two windows. A sm all 
q u a rtz  w indow allowed th e  source rad ia tio n  to pass trough th e  housing. The 
second, la rg e r window w as m ade of g lass. I t allowed th e  operator to observe the
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housing in te rio r w ithout obstructing  th e  lig h t p a th . A g rid  of a lum inum  foil w as 
placed ju s t inside th is  window. This allowed th e  operator to see in  bu t prevented 
th e  in tense  h e a t from  crack ing  th e  glass.
All openings w ere sealed th rough  the  use of rubber "O' rings.
5. Electrical Components
The electrical system  described w as essen tially  th e  sam e a s  th a t  used by 
previous w orkers [45,46,59,69]. Figure 11 illu s tra tes  the  electrical system  used.
The atom ization  an d  vaporization sections w ere heated  by tw o separa te  
electrical system s. In both  cases, power w as supplied from  208 V. 45 A fuse boxes.
Electrical power for th e  vaporization section w as regu la ted  th ro u g h  two 20 A 
ganged auto  variab le  tran sfo rm e rs  (Variac, General Radio Co.) connected in  
parallel. Two 12 V, 500 A stepdow n tran sfo rm ers  (Signal T ransform er Co.), 
connected in  series w ere used. The two isolated p rim ary  w indings of each  w ere 
connected in  parallel. An am m ete r located between th e  variac  and  stepdow n 
tran sfo rm ers  indicated  th e  line cu rre n t d raw n. A sw itch  insta lled  betw een th e  
fuse box an d  variac  allowed a  p reset cu rre n t to be sw itched on and  off easily. 
Welding cables w ere used to connect the  tran sfo rm er secondaries to th e  furnace 
electrodes.
The electrical system  fo r th e  atom ization  section w as essen tially  th e  sam e as 
outlined above, except a  sing le 18 A auto  tran sfo rm er (Variac. General Radio 
Company) and  a  single 9 V. 500A stepdow n tran sfo rm er (Signal T ransform er 
Company) w ere used.
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b . o pt ic a l  c o m p o n E rrrs
As can  be seen from  th e  schem atic  d iag ram  in  Figure 12, th e  spectrom eter is 
a  single beam  in s tru m en t. The m a jo r optical an d  electronic com ponents a re  listed 
in  Table I.
1. Sources
a. Demountable Hollow Cathode Lamp
The dem ountable hollow cathode lam p  (DHCL) used w as s im ila r  in  design to 
th e  ones w h ich  have been used in  th e se  laboratories for gears . These lam ps w ere 
all m anufactured  bg college m ach ine  shop personnel. Figure 13 shows th e  m a jo r 
com ponents of th e  DHCL.
Filler gas for th e  DHCL w as provided bg a  helium  gas cylinder. The gas passed 
th rough  a  regu la to r to  th e  gas scrubbers. A ctivated charcoal rem oved organic 
compounds an d  silica  gel rem oved w a te r  vapor. The ozggen scrubber w as a  Pgr ex 
tube filled w ith  copper tu rn in g s. The copper w as heated  bg nichrom e w ire w rapped 
around th e  tube and  connected to a  variab le  au to  tran sfo rm er (Powerstat, Superior 
Electric Co. 7.5 A). Scrubbed filler gas  w as m etered  in to  th e  DHCL housing w ith  a  
needle valve. A sing le  s tage , oil vacuum  pum p (Welch Scientific Compang) pulled 
th e  filler gas  out of th e  DHCL housing. The DHCL pressu re  w as m onitored w ith  a 
vacuum  gauge tube (Veeco, tgpe DY-4AID).
These lam ps w ere less expensive to  use th a n  sealed, com m ercial hollow 
cathode lam ps (HCL's). Since th e  rem ovable cathode could easilg  be replaced, 
chang ing  from  one e lem en t to  an o th e r w as a  rap id  process. The cathodes w ere 
m ach ined  from  th e  m e ta l of in te re s t or one erf its  sa lts . This w as done in  house.
Figure 12
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TABLE I
m a jo r Spectrom eter Components
Comm ercial Hollow Cathode Lames 
Hollow Cathode Lamp Power Supplu
Deuterium Lamp
D eu te riu m  L am p  P o w er S upplu
m onochrom ator
Detector
P h o to m u ltip lie r  Tube P o w er SuppIu
AmpIUi.ec
R eco rd er
Yq<?Aum.Eump
Step Down Transform ers 
V ariable Auto T ransform ers
From Perkin-E lm er an d  W estinghouse 
V arian  Techtron AA -  5 HCL power 
supply, modified for DC operation 
Beckm an model 6280 
Beckm an model B 
Fisher -  J a r re l Ash model 82 -  020
scan n in g  0.5 m  Ebert m onochrom ator 
•with a  1180 lin e /m m  g ra tin g . blazed 
for 300 n m  an d  ad justab le  slits  
H am am atsu  model R106 -  UH PIT1T 
Hewlett Packard  model 6515A h igh  
voltage DC power supply 
GCA/mcPherson photom etric readout 
model EU-703-31, modified for phase 
lock operation 
Beckm an model 1005 10 -  in ch  recorder 
Welch Scientific Co. single stage, oil pum p 
Signal T ransform er Co. 12 V. 500 A and  
9 V. 500 A tran sfo rm ers  
General Radio Co. 20 A and  18 A V ariacs,
Superior Electric Co. 7.5 A Pow erstal
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Thus, th e  expense of hav ing  rem ovable cathodes for m an y  elem ents w as negligible 
com pared to  a n  equal n um ber of HCL's, w h ich  cost several hundred  dollars each.
A nother, analy tica lly  m ore im p o rtan t, advan tage to th e  DHCL w as th a t  
se lf-reversal w as reduced. In  a  sealed, com m ercial HCL , th e  atom s th a t  a re  
form ed during  th e  sp u tte rin g  process ten d  to  re m a in  in  th e  atom ic s ta te , 
occupying space in  th e  lam p  betw een th e  hollow cathode an d  th e  exit window. This 
is especially tru e  of very  volatile e lem ents, such  a s  m ercury . These a tom s a re  free 
to absorb  th e  atom ic em ission from  th e  hollow cathode. This process is  term ed 
■self-reversal".
It can  be show n th a t  self-reversal causes decreased sensitiv ity  and  poor 
lin earity  of calib ration  curves [701.
Because th e  DHCL constan tly  h ad  th e  filler gas pumped through i t  (as opposed 
to being a  sealed, self-contained system ), a to m s farm ed in  fron t of th e  hollow 
cathode w ere sw ept out of th e  lam p. In th is  w ay. self-reversal w as g rea tly  
reduced. Self reversa l w as reduced even fu r th e r  by operating  th e  DHCL in  th e  "flow 
th ro u g h ' mode. As Figure 14, ind icates, a  Teflon seal placed betw een th e  anode or 
cathode forced th e  filler gas to  flow th ro u g h  th e  cathode. This forced th e  rem oval of 
a tom s a s  they  w ere form ed in  th e  cathode. The atom  population inside th e  lam p, 
a n d  th u s  se lf-rev ersa l, w ere  fu rth e r reduced.
There w ere d isadvan tages to  th e  u se  of DHCL's. These lam ps required  m ore 
operator in terven tion  th a n  com m ercial HCL's. They h ad  to  be tak en  a p a r t and  
cleaned periodically. The lifetim e of th e  cathode itself, w as m uch sh o rte r th a n  for 
th e  com m erical HCL’s and  new  cathodes had  to be m anufactured  from  tim e to tim e.
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The filler gas p ressu re  a n d  lam p  cu rren t w ere critica l for s tab le  DHC1 operation. 
These conditions w ere optim ized for each elem en t and  m onitored quite closely 
du ring  operation.
b. Comm ercial Hollow Cathode Lamps
For various reasons, i t  w as necessary  to use com m ercial hollow cathode 
lam ps for a  few of th e  e lem ents investigated . m anufac tu rers  included 
Perkin-Elm er Corporation and  W estinghouse.
c. Deuterium Lamp
m olecular background absorption w as m easured  by rep lacing  th e  hollow 
cathode lam p  w ith  a  deuterium  lam p  (Beckman model 6280 powered by a  Beckman 
model B deuterium  lam p  power supply). The sam ple w as ru n  using  th e  hollow 
cathode lam p  a n d  th e n  u sing  th e  deuterium  lam p. The difference in  th e  two 
absorbances w as th e  atom ic  absorp tion  signal.
2. O ther optical com ponents
th e  source rad ia tio n  w as m odulated by a  m echanical chopper (chopper m otor 
by Hinds Illueller Engineering Company, Inc.). Two qu artz  plano-convex lenses 
focused th e  source rad ia tio n  th ro u g h  th e  furnace housing an d  th e n  onto th e  s lit of 
th e  m onochrom ator. A scan n in g  0.5 m  Ebert m onochrom ator (F isher-Jarre l Ash 
model 82-020) w ith  ad ju stab le  s lits  w as used. The g ra tin g  h ad  1180 lines/m m  and  
w as blazed for 300 nm . Detection w as provided by a  photom ultiplier tub© 
(H am am atsu, model R106-UH).
3. Optical bench
The optical bench  used w as s im ila r  in  concept to  one reported  by Winefordner,
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e t al. [71], The bench  top w as a  pain ted , 0.95 cm  th ick  shee t of iron. In stru m en t 
com ponents w ere a tta ch e d  to  m agnetic  m ounts w hich  clam ped to  th e  iron. This 
a rran g em en t, w hich  h ad  been used in  these laboratories previously, proved easier 
to  use an d  m ore v e rsa tile  th a n  conventional optical ra ils .
c . ELECTRorac c o m p o n E n rs
Figure 12 is  a  d iag ram  show ing th e  electronic an d  optical com ponents . m a jo r 
com ponents a re  listed  in  Table 1.
1. Hollow Cathode ta m p  Power Supplu
The power supply for th e  DHCL an d  com m ercial HCL's w as a  V arian  Techtron 
AA -  5 HCL power supply, modified to provide d irec t cu rren t.
2. Detection a n d  Readout
Power for th e  photom ultip lier tube (PHIT) w as supplied by a  h ig h  voltage, 
d irec t c u rre n t power supply (Hewlett Packard model 6515A).
The PmT signal w as am plified by a  GCA/IllcPherson photom etric readout 
(model EU -703 -  31). A m odification to  th e  am plifier allowed i t  to be phase  locked to 
th e  signal genera ted  by a  m ag n e tic  reed  sw itch  on th e  chopper. This perm itted  
th e  am plification of only th e  chopped source rad ia tion .
Traces w ere m ade on a  Beckm an 10 -  in c h  potentiom etric recorder (model 
1005).
D. GAS HATlDLiriG EQUIPfllEnT
A d iag ram  of th e  gas han d lin g  system  is show n in  Figure 15.
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Argon w as used to purge th e  fu rnace  housing an d  as  a  flow gas th rough  the  
furnace. In  order to m in im ize  gas phase  reac tions an d  deterioration  of th e  carbon 
furnace, th e  argon  w as scrubbed. A ctivated charcoal, silica gel and  ho t copper 
tu rn in g s  w ere  used to  rem ove o rgan ic  m a te ria ls , w a te r  vapor an d  oxygen, 
respectively.
m e th an e  w as occasionally mixed w ith  one o r both of th e  argon  s tream s. The 
m e th an e  w as obtained from  in -house gas lines and  passed th rough  activated  
charcoal an d  silica  gel scrubbers.
n itrogen  w as som etim es used to  purge th e  m onochrom ator w hen  
w avelengths below 200 n m  w ere used. The n itrogen  w as passed th rough  activated  
charcoal an d  silica  gel scrubbers.
The gases w ere m etered  using  needle valves an d  ro tam eters. Table II indicates 
w hich  ro tom eter flow tubes w ere used w ith  w hich  gas s tream s.
Gas m ixing took place, betw een th e  ro tam ete rs  an d  th e  housing or furnace, 
by m erg ing  th e  argon  an d  m e th an e  gas  s tre a m s  using  g lass *T* pieces.
n early  all tub ing  used  throughout th e  gas h and ling  system  w as polyethylene 
or Tygon tubing. A sh o rt len g th  of su rg ical-type latex hose w as slipped over th e  
end of th e  fu rnace extension to  in troduce th e  flow gas in to  th e  furnace.
A th ree -w ay  stopcock w as in sta lled  betw een th e  ro tom eters  an d  th e  furnace 
in let. In  one valve position, th e  gas flowed th rough  th e  valve to th e  furnace. The 
o th e r position allowed th e  gas bo be vented to th e  atm osphere. This enabled the  
flow gas to  th e  fu rnace to  be stopped w ithou t ad ju stin g  th e  needle valves a t  th e  
ro tom eters.
TABLE II
Gas S tream s and  Associated Rotom eters
Gas S tream Rolom eter Tube
Housing Argon 
Furnace Argon 
Housing m e th an e  
Furnace m e th an e
J.T.Baker model 568274
m atheson  model 600
m atheson  model 602
m atheson  model 610
m onochrom ator n itrogen  Purge m atheson  model 201A
45
E. TEmPERATURE mEASURIllG EQUIPIDEnT
An iro n -co n sta n tan  therm ocouple w as positioned about 5 m m  over th e  cen ter 
of th e  vaporization section. Direct con tac t w ith  th e  vaporization section w as no t 
possible because th e  m axim um  tem p era tu re  of th e  vaporization  section would 
exceed th e  m elting  point of th e  therm ocouple m etals .
The tem p era tu res  m easured  above th e  vaporization section w ere correlated  to 
th e  actual tem p era tu re  of th e  furnace. V aporization section tem pera tu res of 800 *C 
or less w ere m easured  w ith  an o th er iro n -co n s ta n tan  therm ocouple placed a t  th e  
cen te r erf th e  vaporization section. At tem p era tu res  above 800 *C a n  optical 
pyrom eter (Leeds an d  n o rth ru p  Co., model 8632-0) w as used to  m easure  the  
tem peratu re .
The therm ocouple w as ra re ly  used to  m easu re  th e  tem pera tu re  of the  
vaporization section since a  sm all change in  d istance betw een th e  two would cause 
a  la rge  difference in  tem p era tu re  m easured. Usually, th e  optical pyrom eter w as 
used to m easu re  th e  tem p era tu re  of th e  vaporization an d  atom ization  sections.
F. SADIPLE DISPEHSinG DEVICES
Two devices w ere used to  dispense th e  liquid sam ple. A m icro liter syringe 
(Hamilton model 701 -  Rn) w ith  a  10 cm  rem ovable needle w as used to place sam ple 
d irectly  on th e  furnace w all or on th e  carbon  rod  sam pling  device (CRSD).
A 1.0 -  5.0 |1L ad ju stab le  m icropipet (Ky Finnpipette) w as  used to  place 
sam ple  on th e  CRSD.
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III. EXPERimmTAL AT1D RESULTS
A. CHEmiCALS
1. Deionized Dislilled W ater
Deionized Dislilled W ater (DDW) w as obtained by passing  distilled w ate r, from  
th e  ch em istry  building's distilled  w a te r system , th rough  a  mixed bed deionization 
colum n (Illinois W ater T reatm ent Company Research IonXchanger model 2). The 
DDW w as sto red  in  a  large , polyethylene carboy.
2. S tandards
Stock s tan d a rd s  of 1000 |ig/mL w ere prepared  by dissolving th e  appropria te  
m ass  of th e  elem ent o r i ts  s a lt  in  deionized distilled w a te r (DDW) or an  appropria te  
acid. IDost stock s tan d a rd s  w ere m ade up  in  DDW un less a  stab iliz ing  reag en t w as 
required. Selenium, t in  an d  a rsen ic  s ta n d a rd s  required  stablization. Selenium 
an d  tin  s tan d a rd s  w ere m ade up  in  1 OX HC1. A rsenic s tan d a rd s  w ere m ade up in  3X 
sulfuric acid.
Chem icals used for stock s tan d a rd s  w ere of re a g e n t grade or better. Suppliers 
included J.T. Baker Chem ical Company; F isher Scientific Company; m allinckrodt 
Chemical Works an d  m atheson , Coleman a n d  Bell m anufactu ring  Chem ists.
Stock s tan d a rd s  w ere  sto red  in  polyethylene bottles. Dilute s tan d a rd s  w ere 
m ade up  daily  for q u an tita tiv e  work.
3. Gases
Argon, n itrogen  a n d  helium  w ere supplied by Lincoln Big Three Industries, 
Incorporated, m e th an e  w as obtained from  th e  in-house n a tu ra l gas lines. The
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n a tu ra l gas supplier w as Gulf S tates U tilities Company.
B. PYROLYSIS
1. Introduction
From th e  f irs t  use of GFAAS [3] cam e a  w arn in g  th a t  th e  porous n a tu re  of the  
g rap h ite  allowed p a r t  of th e  a tom ic vapor to  diffuse th rough  th e  furnace w all and  
go undetected. L'vov lined h is  furnace w ith  ta n ta lu m  foil to  avoid th is  problem .
There w as an o th e r problem  associated w ith  th e  porosity of carbon furnaces. 
A liquid sam ple  soaked in to  th e  porous carbon surface. When th e  furnace w as 
heated , sam ple vapor diffused back out of th e  carbon. The peak broadened because 
of th e  ex tra  tim e requ ired  fo r diffusion to take place. The re su ltin g  peak h e ig h t and  
sensitiv ity  decreased.
A th ird  problem  associated  w ith  carbon fu rnaces resu lted  from  th e  fac t th a t  
m an y  elem en ts form  s tab le  carbides. The carbon fu rnace provides, of course, the  
perfect env ironm en t for carb ide form ation. Since m eta l carbides a re  r a th e r  
non-volatile an d  difficult to  atom ize, th e ir  form ation  would re su lt in  decreased 
sensitiv ity .
One w ay. f irs t  proposed by L'vov [38], to  overcome th e  problem s m entioned 
above w as to coat th e  carbon fu rnace w ith  a  th in  lay er of pyrolytic carbon. This 
w as done by h ea tin g  th e  carbon  in  th e  presence of m e th an e , o r ce rta in  o ther 
hydrocarbon gases 138, 72 -  76], Upon com ing in  con tact w ith  th e  ho t carbon, th e  
m e th an e  decomposed to  carbon an d  hydrogen. A layer of dense, non-porous 
carbon built up.
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A pyrolytic coating reduced th e  porosity of a  carbon tube to essen tially  zero 
[72]. Thus, th e  problem s a ttr ib u ted  to  carbon porosity w ere elim inated. In 
addition, since pyrolytic carbon is  less reac tiv e  th a n  s ta n d a rd  carbon, carbide 
form ation  w as reduced. As would be expected, th e  use of pyrolytically coated 
carbon tubes gave increased  sensitiv ity  over non-coated tubes [73].
2. Procedure
Various w orkers reported  th a t  a  pyrolytic coating w as obtained by h ea tin g  
carbon to  about 1000 *C in  th e  presence of n a tu ra l gas [38] or by h ea tin g  th e  carbon 
to  2200 *C in  a n  a tm osphere  of 10 X m e th an e  an d  90 X n itrogen  or argon  [73,76], At 
tem p era tu res  in  betw een, a  sooty deposit w as formed.
Several different procedures w ere studied before th e  pyrolysis m ethod used 
during  th is  re sea rch  w as finalized. After each  tr ia l,  th e  furnace w as broken open 
to  observe how well th e  pyrolysis procedure h ad  worked. The final procedure 
adopted follows: A carbon  fu rnace w as in sta lled  in  th e  fu rnace housing and
connected to all electrodes. After th e  housing w as closed, i t  w as purged w ith  argon  
a t  about 250 m L/m in. Both sections of th e  furnace w ere brought to  about 1000 *C. 
Then, n a tu ra l gas w as allowed to  flow th ro u g h  th e  furnace a t  about 30 m L/m in for 
60 m inutes.
The exterior of th e  fu rnace w as continuously pyrolyzed in  a  w ay s im ila r  to 
previously reported  procedures [74,75]. The furnace housing w as constan tly  purged 
w ith  a  m ix tu re  of argon  w ith  about 3 X n a tu ra l gas  a t  a  r a te  of 200 -  250 m L/m in. 
This procedure w as followed an y  tim e  th e  fu rnace w as used, except during  th e  
an a ly sis  of a rsen ic  an d  selenium . Resonance lines for a rsen ic  a n d  selenium  (193.7
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n m  and  196.1 n m , respectively) a re  in  th e  vacuum  u ltrav io let region. Some of th e  
pyrolysis products absorbed strong ly  in  th is  region. After pyrolysis had  occurred 
during  several h ea tin g  cycles, a  la rge  fraction  of e ith e r of th e  resonance lines w ere 
absorbed, w hich m ade quan tita tio n  difficult.
3. Results
The in te rio r of th e  fu rnace could no t be seen w ithou t i t  being broken open, 
precluding its  fu r th e r  use. Thus, du ring  actual operation, i t  w as im possible to tell 
w h e th er th e  in te rio r of th e  furnace h ad  been pyrolyzed.
Occasionally during  pyrolysis, un d er apparen tly  ideal conditions, black soot 
h as  been reported  to  form  instead  of th e  desired pyrolytic carbon [72]. Such resu lts  
indicated th a t  conditions m u s t be m ere  rigorously controlled th a n  w as som etim es 
possible. During th is  work s im ila r  phenom ena w ere observed. Occasionally, a  plug 
of soot built up inside th e  furnace. This could be seen, if th e  furnace in te rio r w as 
viewed from  th e  in le t w hile th e  carbon w as red  hot. This w as especially true  in  the  
section betw een th e  atom ization  an d  vaporization sections, w hich w as 200 - 
300 *C cooler th a n  th e  o th e r tw o sections. ID ere  often, th e  soot w as not noticeable 
u n til a  sam ple w as placed in  th e  furnace an d  th e  syringe needle w as covered w ith  
soot.
When pyrolysis failed, tw o options w ere available; rem oval of th e  fu rnace and  
pyrolization of a  fresh  one, or con tinuation  of w ork w ith  th e  non-pyrolyzed 
furnace. The la tte r  option w as usually  chosen.
For m ost of th e  elem ents investigated , th e  use of pyrolytically coated furnaces 
seem ed to have little  or no effect on sensitiv ity . Because pyrolysis w as such a  tim e­
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consum ing procedure, uncoated furnaces w ere  used, once it  w as determ ined  th a t  
pyrolyzed furnaces held no advan tages for th e  atom ization  of a  specific elem ent.
In co n tra st, th e  pyrolysis of the  exterior of th e  furnace w as en tire ly  
successful. After a  few h ea tin g  cycles, th e  atom ization  an d  vaporization sections 
would have a  uniform ly sh in y  coating of pyrolytic carbon. The portion of the  
furnace betw een th e  a tom ization  an d  vaporization  section, because of its  lower 
tem pera tu re , would not usually  become coated. Pyrolytic carbon covering m ost of 
th e  furnace exterior probably g rea tly  reduced th e  fraction  of sam ple th a t  would 
have escaped by diffusing th rough  th e  carbon.
Even though th e  pyrolytic coating w as constan tly  being renew ed, and  it  
probably protected th e  carbon u n d ern ea th  i t  from  early  deterioration, the 
protection did n o t la s t  indefinitely. On m ore th a n  one occasion, i t  w as discovered 
th a t  th e  carbon h ad  deterio rated  to such a n  ex ten t as to ren d e r i t  non-conductive. 
All of th e  cu rre n t w as carried  th rough, and  th e  h e a t generated  by, the  pyrolytic 
carbon coating. This w as easily  detected because tem peratu re , electrical cu rren t 
an d  sensitiv ity  a ll dropped off d rastically .
C. EXPERimmTALPARAIHETERSFOR QUATiTITATIVE AT1ALYSISWITH DOUBLE 
STAGE FURT1ACE
1. Furnace Tem perature
The m axim um  tem p era tu re  a tta in a b le  for th e  double stage  furnace varied  
from  2400 -  2800 *C, depending on how good th e  electrical connections were. A 
tem pera tu re  of about 2500 ’C w as m ost com m on. This com pared to an  atom ization
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tem p era tu re  of 2800 *C recom m ended by a  com m ercial in s tru m en t vendor for 
m an y  of th e  e lem ents investigated  [77].
Also, i t  w as well know n th a t,  for th e  v a s t m a jo rity  of elem ents, the  
atom ization  efficiency increased  a s  th e  tem pera tu re  increased. This m eans th a t, 
for a  fixed m ass  of ana ly te , th e  absorbance value increased w ith  increasing  
tem pera tu re , up to a  point. Eventually, a  point w as reached  w here a  la rge  
tem p era tu re  r is e  h ad  little  or no effect on absorbance values. Thus, i t  w as nearly  
im possible to  adversely affect th e  analy tical sensitiv ity  for a n  elem ent by 
atom izing a t  a  very  h igh  tem peratu re . This is  illu s tra ted  in  Figure 16.
With these  tw o facto rs in  m ind , i t  w as decided, for th e  purposes of th is  work, 
to alw ays ru n  th e  atom ization  section a t  i ts  h ig h est possible tem perature.
The vaporization  section w as also ru n  a t  its  h ig h est tem peratu re , though for 
a  different reason . The vaporization  section needed to  be heated  a t  th e  fastest 
possible ra te  so th a t  th e  absorption peak would be a s  narrow  and  ta ll a s  possible. 
With th e  equipm ent available, th e  only feasible w ay of doing th is  w as to se t the  
power to its  m axim um  level. Thus, m axim um  h ea tin g  ra te  and  m axim um  
tem pera tu re  w ere used.
2. A tom ization W arm -up Time 
The atom ization  section usually  required  about 30 s to reach  its  m axim um  
tem peratu re . In  th e  case of a  few elem ents, a  30 s w arm -u p  tim e  w as e ith er too 
long or too short. The re la tio n sh ip  betw een atom ization  section w arm -u p  tim e  and  
sensitiv ity  w as studied if p re lim in ary  d a ta  for a n  elem ent indicated th a t  th e  30 s 
tim e period w as inappropriate .
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Figure 16
Typical Plot of  Absorbance uersus  Atomization Temperature 
for  Furnace Atomic Absorption Spectrometry
Atomization Temperature
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3. Flow Rate of Furnace Housing Purge Gas
In  order to  p reven t th e  ra p id  deterio ra tion  of th e  carbon furnace, i t  w as 
necessary  to  pu rge th e  fu rnace housing w ith  in e r t  gas. The argon  flow r a te  w as 
usually  200 -  250 m L/m in. The m e th an e  flow r a te  w as usually  about 4 m L/m in. 
These flow ra te s  provided adequate protection for th e  carbon furnace.
4. Flow Rate of Gas Through th e  Furnace
Perhaps, th e  m ost im p o rtan t v ariab le  w as th e  flaw r a te  erf gas th ro u g h  th e  
furnace. This variab le  controlled th e  tim e th e  sam ple vapor w as inside th e  heated  
carbon furnace.
There w ere a t  le a s t four facto rs to be considered in  re la tion  to th e  fu rnace  flow 
ra te . F irst, th e  longer th e  an a ly te  w as in  con tact w ith  th e  ho t carbon, th e  m ore 
efficient th e  atom ization  process becam e. From th is  point of view, th e  flow ra te  
w as slowed to allow th e  sam ple  to  be to tally  atom ized. Second, th e re  w ere gas 
phase  in te rac tio n s  th a t  decreased th e  free atom  population. A well know n 
exam ple of th is  w as th e  vapor ph ase  form ation  of lead chloride [78, 79]. These 
in te rac tio n s  requ ired  a  f a s t  flow r a t s  to  m in im ize th e  tim e necessary  to  get the  
an a ly te  th rough  th e  atom ization  section an d  th en  in to  th e  lig h t path . The th ird  
factor w as diffusion. If th e  gas flow r a te  w as too slow, th e  an a ly te  vapor diffused 
throughout th e  furnace. This caused th e  a tom ic absorption peak to  broaden an d  
sho rten , re su ltin g  in  poorer sensitiv ity . A fourth  factor to  be considered w as th e  
in s tru m e n t response tim e. If th e  in s tru m e n t electronics failed to  record  a  fast 
evolving peak, th e n  a  loss of sensitiv ity  resu lted .
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Thus, efficient a tom ization  and  in s tru m e n t response factors w ere optimized 
w hen  a  law flaw r a te  w as used. Diffusion an d  gas phase  in terac tions w ere 
m inim ized  a t  elevated flaw ra te s . As m ig h t be expected, th e  factor or factors th a t  
predom inated depended on th e  elem en t of in te rest. I t  w as necessary  to  determ ine 
th e  optim um  furnace gas flow r a te  for each e lem ent studied.
5. m iscellaneous P aram eters
There w ere a  n u m b er of o ther p a ram eters  th a t  w ere elem ent-dependent. 
These included HCL or DHCL cu rren t, DHCL pressure, m onochrom ator s lit w id th  and  
th e  photom ultip lier tube voltage.
The lam p  cu rre n t h ad  to  be ad justed  to  provide adequate in ten sity  for the  
in s tru m e n t to operate properly. Each e lem ent requ ired  a  different cu rren t, 
depending on its  conductivity an d  its  excitation energy. In  addition, if th e  lam p 
cu rren t w as too h igh , self-reversal occurred, w h ich  reduced th e  sensitiv ity  for a  
p a rticu la r elem ent.
Each e lem ent used in  th e  dem ountable hollow cathode lam p  required  a 
different gas p ressu re  inside th e  lam p. The lam p  p ressu re  requ ired  to  provide a  
stab le  operation w as, ag a in , dependant on th e  elem ent's  conductivity and  
excitation energy. High p ressu re  would also cause self-reversal.
The m onochrom ator s li t  w id th  and  photom ultip lier tube (PIItT) voltage 
se ttin g s  w ere d irectly  re la ted . It w as desirab le for th e  s lit w id th  to  be a s  narrow  
as  possible, to  provide th e  best possible spectra l resolution. However, as  th e  s lit 
w id th  w as decreased, th e  PIHT voltage h ad  to be increased  to  com pensate for less 
lig h t passing  th rough  th e  m onochrom ator. If th e  P1T1T voltage w as increased too
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m uch, th e  recorder baseline would become very  no isy , m ak ing  detection of sm all 
s ignals  very  difficult. The s lit w id th  and  PII1T voltage, in  tu rn , depended on the  
in ten s ity  of th e  lam p.
Thus, all of these  p a ram ete rs  w ere ad justed  to give an  adequate in s tru m en ta l 
response for th e  e lem en t of in te rest. The operating  conditions for each  of the  
elem ents studied a re  sum m arized  in  a  tab le  in  th e  discussion of th e  particu la r 
elem ent.
D. mETHODS FOR QUATfflTATlOn WITH THE DOUBLE STAGE FURflACE
1. A (hot) V m ethod
The nam e of th e  m ethod indicates th a t  th e  atom ization  section w as ho t w hen 
the  sam ple w as in jected  in to  th e  vaporization section. Then th e  vaporization 
section w as heated. The exact procedure is  described in  detail below. A brief outline 
of th e  m ethod is p resen ted  in  Table III.
1) The atom ization  section w as hea ted  to  approxim ately 2500 ’C, if i t  w as not 
a lready  hot.
2) The rubber hose, w hich  served a s  th e  argon  supply to th e  fu rnace in terio r, 
w as rem oved from  th e  argon  inlet.
3) Sam ple w as placed in  th e  vaporization  section.
4) The argon  supply hose w as replaced.
5) The vaporization section w as heated  quickly to  its  m axim um  tem pera tu re  
of 2500 -  2600 *C. In  a  very  sh o rt period of tim e  (seconds or less), th e  sam ple 
vaporized. Pushed by th e  argon, th e  vapor flowed in to  th e  atom ization  section
TABLE III
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m ethod
A(hot)V
AV
AV w ith  Reverse Flow
AV (warm)V(hot)
VA
VA Trapping
VA Trapping w ith  
Reverse Flow
A Brief Outline of m ethods Used
_________________________Steps_________________________
atom ization  section heated , sam ple  inserted , vaporization 
section heated
sam ple inserted , a tom ization  section heated, vaporization 
section heated
sam ple in serted  (argon supply hose not rea ttach ed  -  argon  
flowed backw ard th ro u g h  furnace), atom ization  section 
heated , argon  supply hose rea ttach ed , vaporization section 
heated
sam ple  inserted , atom ization  section heated, vaporization 
section heated  to  600 -  700 *C, vaporization  section heated  to 
m axim um  tem p era tu re
sam ple inserted , vaporization  section heated, atom ization  
section heated
sam ple inserted , vaporization section heated  -  ana ly te  
trapped  in  atom ization  section, atom ization  section heated
sam ple in se rted  (argon supply hose no t rea ttach ed  -  argon  
flowed backw ard th ro u g h  furnace). atom ization  section 
heated, argon  supply hose rea ttach ed , atom ization  section 
cooled, vaporization section hea ted  -  an a ly te  
trapped  in  atom ization  section, atom ization  section heated
(continued)
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m ultip le  VA Trapping
Sim ultaneous
Heating
C onstant
Tem perature
m ethod m odifications
CRSD
Reaction
Gases
m ultip le 
Sample Drying 
on th e  CRSD
TABLE III
(continued)
sam ple inserted , vaporization section heated, vaporization 
section cooled, f irs t tw o steps repeated , h ea t atom ization  
section
sam ple inserted , both sections heated
sam ple w as placed on CRSD, both sections w ere heated, CRSD 
w ith  sam ple w as plunged in to  heated  furnace.
____________________ Explanation_____________________
Carbon rod sam pling  device w /sam ple w as placed in  the  
vaporization section
W ater vapor or m e th an e  w as added to furnace argon flow
sam ple w as placed on CRSD and  dried, m ere  sam ple added 
an d  dried, etc., CRSD w as placed in  th e  vaporization section
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w here th e  h igh  tem p era tu re  decomposed th e  molecules in to  atom s. The atom ic 
vapor w as pushed, by th e  argon , in to  th e  lig h t p a th  w here  a tom ic absorption took 
place. An absorp tion  peak w as m easured  a s  th e  a tom ic vapor passed th rough  th e  
lig h t path .
6) Power to th e  vaporization section w as tu rned  off an d  th e  section w as 
allowed to  cool for 30 -  60 s  before th e  next sam ple  w as run .
2. AV m ethod
The nam e indicates th a t  a fte r th e  sam ple w as in jected , th e  atom ization 
section w as heated, th e n  th e  vaporization section w as heated. The exact procedure 
is  described in  detail below. A brief outline of th e  m ethod is  p resented  in  Table III.
1) The argon  supply hose w as rem oved from  th e  furnace argon  inlet.
2) Sample w as placed in  th e  vaporization section.
3) The argon  supply hose w as reconnected to th e  furnace argon  in let.
4) The atom ization  section w as hea ted  to  its  m axim um  tem peratu re, usually 
about 2500 *C. By conduction, th e  vaporization section w as heated  to 100 -  150 *C. 
This dried th e  sam ple. After 25 -  30 s , th e  atom ization  section tem p era tu re  
stabilized.
5) The vaporization section w as hea ted  to  its  m axim um  tem pera tu re  of 2500 - 
2600 *C. The sam ple w as vaporized, atom ized in  th e  atom ization  section and  
pushed in to  th e  lig h t p a th  w here  th e  a tom ic  absorp tion  m easu rem en t w as m ade.
6) Power to  both  sections w as tu rn ed  off. The furnace w as allowed to  cool for 
30 -  60 s before th e  next sam ple  w as run .
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3. AV Hlethod w ith  Reverse Flow
The n am e  of th e  m ethod ind icates th a t  th e  AV m ethod w as used bu t th a t ,  
du ring  th e  a tom iza tion  section w arm -u p  period, th e  argon  w as allowed to flaw 
backw ards th rough  th e  furnace. The exact procedure is  described in  detail below. A 
brief outline of th e  m ethod is  presented  in  Table III.
1) The argon  supply hose w as rem oved from  th e  argon  in let. Purge gas from  
Inside th e  fu rnace housing w as th e n  able to pass in to  th e  furnace, th rough  the  
lig h t pa th . I t flowed, backw ard, th ro u g h  th e  a tom ization  section, th e n  th rough  
th e  vaporization  section a n d  th e n  out th e  argon  in let. This reverse  flow is depicted 
in  Figure 17.
2) Sam ple w as placed in  th e  vaporization section.
3) The a tom ization  section w as heated  to  its  m axim um  tem p era tu re  of about 
2500 *C. Since th e  a rg o n  supply hose h ad  not been replaced, th e  purge gas from  th e  
in te rio r of th e  fu rnace housing w as s till flowing backw ard th rough  th e  furnace. 
The purge gas w as hea ted  as  i t  passed th rough  th e  atom ization  section. 
Consequently, th e  vaporization  section w as hea ted  to  600 -  700 *C by th e  ho t gases 
passing  th rough.
4) The argon  supply hose w as rea ttach e d  to  th e  argon  in le t, w hich 
reestab lished  th e  no rm al argon  flow p a tte rn .
5) The vaporization  section w as hea ted  to  its  m axim um  tem p era tu re  of 2500 -  
2600 'C. The sam ple  w as vaporized, atom ized in  th e  atom ization  section and  
pushed in to  th e  lig h t p a th , w here th e  atom ic absorption m easu rem en t w as m ade.
6) Power to both  sections w as tu rn ed  off. The fu rnace w as allowed to cool for
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Figure 17
Furnace and Furnace Housing Flow P a tte rn s
Rubber Hose
Furnace Housing
3 3
Normal Rrgon Floui Pattern
Furnace Housing
LVXS s s s s
R everse Rrgon Flow Pattern
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30 -  60 s before th e  next sam ple  w as ru n .
4. AV (w arm ! V(hot) m ethod
The n am e  of th e  m ethod ind icates th a t ,  a fte r  th e  sam ple w as placed in  th e  
vaporization section, th e  atom ization  section w as heated. Then th e  vaporization 
section w as heated  to  only 600 -  700 *C for a  few seconds. The vaporization section 
w as th e n  heated  to  its  m axim um  tem pera tu re . This m ethod recrea ted  th e  
tem p era tu re  effects of th e  rev erse  flow m ethod, w ithou t having  th e  reverse  flow of 
gases th rough  th e  furnace. The exact procedure is described in  detail below. A 
brief outline of th e  m ethod is  p resen ted  in  Table III.
1) The argon  supply hose w as  rem oved from  th e  furnace argon  inlet.
2) Sample w as placed in  th e  vaporization section.
3) The argon  supply hose w as reconnected to  th e  furnace argon  inlet.
4) The atom ization  section w as heated  to its  m axim um  tem pera tu re  of about 
2500'C for 30 s.
5) The vaporization section w as heated  to  600 -  700 for 30 s.
6) The vaporization section w as heated  bo its  m axim um  tem pera tu re  of 2500 - 
2600 *C. The sam ple w as vaporized, atom ized in  th e  atom ization section and  
pushed in to  th e  lig h t p a th , w here  th e  atom ic absorp tion  m easurem en t w as m ade.
7) Power to  both  sections w as  sw itched  off. The furnace w as allowed to  cool for 
30 -  60 s  before th e  next sam p le  w as  ru n .
5. VA m ethod
The n am e of th e  m ethod ind icates th a t,  a fte r  th e  sam ple w as placed in  the 
vaporization section, th e  vaporization  section w as heated. Then th e  atom ization
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section w as heated. The exact procedure is  described in  detail below. A brief 
outline of th e  m ethod is  p resen ted  in  Table III.
1) The sam ple  w as placed in  th e  vaporization  section and  th e  argon  supply 
hose rea ttach e d  to th e  fu rnace  argon  inlet.
2) The vaporization section w as heated  to  its  m axim um  tem pera tu re  of 2500 - 
2600 *C. For volatile, easily  atom ized elem ents, th is  w as enough to  vaporize and  
atom ize th e  sam ple. The an a ly te  passed  th ro u g h  th e  unheated  atom ization  section 
and  in to  th e  lig h t p a th , w here  th e  atom ic absorption m easu rem en t w as m ade.
3) The atom ization  section w as th en  heated  to re lease  th e  sm all am oun t of 
an a ly te  th a t  m ig h t have been adsorbed to th e  surface of th e  atom ization  channel.
4) Both fu rnace sections w ere cooled for 30 -  60 s  before th e  nex t sam ple w as
ru n .
6. VA Trapping m ethod
The n am e of th e  m ethod indicates th a t,  a fte r  th e  sam ple w as placed inside 
th e  vaporization  section, th e  vaporization section w as heated . A nalyte w as 
vaporized an d  trapped  in  th e  atom ization  section, next, th e  atom ization  section 
w as hea ted  to  re lease  a n d  atom ize th e  analy te . The exact procedure is  described in  
detail below. A brief outline of th e  m ethod  is  p resen ted  in  Table III.
1) The sam ple  w as placed in  th e  vaporization  section an d  th e  argon  supply 
hose w as rea tta c h e d  to th e  fu rnace argon  inlet.
2) The vaporization section w as heated  to  its  m axim um  tem pera tu re  of 2500 - 
2600 *C. The sam ple  w as vaporized an d  pushed by th e  argon  flow in to  th e  unheated  
a tom iza tion  section. There, th e  non-volatile  com ponents of th e  sam ple vapor
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condensed on th e  w alls of th e  atom ization  section. Volatile com ponents of the  
sam ple m atrix , including th e  solvent, did no t condense an d  w ere pushed out of th e  
furnace th rough  th e  lig h t pa th .
3) The atom ization  section w as heated  to its  m axim um  tem pera tu re  of about 
2500 *C. Condensed portions of th e  sam ple w ere revaporlzed, atom ized and  pushed 
in to  th e  ligh t p a th , w here  th e  atom ic absorption m easu rem en t w as m ade.
4) Both furnace sections w ere cooled for 30 -  60 s before th e  next sam ple w as
run .
7. VA Trapping m ethod w ith  Reverse Flow
The n am e indicates th a t  th e  VA m ethod, described above, w as used. During a  
p re lim inary  atom ization  w arm -u p  period, th e  argon  w as allowed to flow backw ard 
th rough  th e  furnace. The exact procedure is  described in  detail below. A brief 
outline of th e  m ethod is  p resen ted  in  Table HI.
1) The argon  supply hose w as rem oved from  th e  furnace argon  inlet. Purge 
gas from  inside th e  fu rnace  housing w as th e n  able to pass in to  th e  furnace, 
th rough  th e  lig h t p a th . I t flowed, backw ard, th ro u g h  th e  atom ization  section, 
th e n  th rough  th e  vaporization section an d  th e n , out th e  argon  in let. This reverse  
flow is depicted in  Figure 17.
2) Sample w as placed in  th e  vaporization section.
3) The atom ization  section w as hea ted  to  its  m axim um  tem p era tu re  of about 
2500 *C. Since th e  argon  supply hose h ad  no t been replaced, th e  purge gas from  th e  
in te rio r of th e  furnace housing w as s till flowing backw ard th rough  th e  furnace. 
The purge gas w as heated  as  i t  passed th rough  th e  atom ization section.
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Consequently, th e  vaporization  section w as  heated  to  600 -  700 *C by th e  ho t gases 
passing  through.
4) The argon  supply hose w as rea ttach e d  to  th e  argon  in let, w hich  
reestab lished  th e  no rm al argon  flow p a tte rn .
5) The atom ization  section w as tu rn ed  off an d  allowed to  cool for 60 s.
6) The vaporization section w as heated  to  its  m axim um  tem p era tu re  of 2500 -  
2600 *C. The sam ple w as vaporized an d  pushed by th e  argon  flow in to  th e  unheated  
atom ization  section. There, th e  non-volatile  com ponents of th e  sam ple vapor 
condensed on th e  w alls of th e  atom ization  section. Volatile com ponents of th e  
sam ple m a trix , including th e  solvent, did no t condense an d  w ere pushed out of th e  
furnace th ro u g h  th e  ligh t p a th .
7) The atom ization  section w as heated  to its  m axim um  tem p era tu re  of about 
2500 *C. Condensed portions of th e  sam ple  w ere revaporized, atom ized and  pushed 
in to  th e  lig h t p a th , w here th e  a tom ic absorp tion  m easu rem en t w as m ade.
8) Both furnace sections w ere cooled for 30 -  60 s before th e  next sam ple w as
ru n .
8. m ultip le VA Trapping m ethod
The n am e of th e  m ethod ind icates th a t  th e  VA trapp ing  m ethod w as used to 
tra p  several aliquots of sam ple  in  th e  unheated  atom ization section before th a t  
section w as heated  to re lease  th e  analy te . This allowed th e  sam ple to be 
concen trated  in  th e  atom ization  section before i t  w as released. The exact 
procedure is  described in  detail below. A brief outline of th e  m ethod is presented  in  
Table III.
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1) The sam ple w as placed In th e  vaporization section and  th e  argon  supply 
hose w as rea ttach e d  to  th e  fu rnace argon  in let.
2) Sample w as placed in  th e  vaporization  section.
3) Power to th e  vaporization  section w as cu t off and  th e  fu rnace w as allowed 
to cool for 30 -  60 s.
4) Steps 1 - 3  w ere repea ted  one o r two tim es to concen trate  th e  sam ple by two 
or th ree  fold, respectively. The la s t  tim e  th e  f ir s t  th ree  steps w ere repeated, the  
vaporization  section w as left on.
3) The atom ization  section w as heated  to  its  m axim um  tem p era tu re  or about 
2500 *C. Condensed portions of th e  sam ple  w ere revaporized, atom ized an d  pushed 
in to  th e  ligh t p a th , w here  th e  atom ic absorp tion  m easu rem en t w as m ade.
6) Power to  both  sections w as tu rn ed  off. The fu rnace w as allowed to  cool far 
30 -  60 s before th e  nex t sam p le  w as ru n .
9. Sim ultaneous H eating m ethod
th e  nam e of th is  m ethod  ind icates th a t,  a fte r  th e  sam ple w as placed in  th e  
vaporization section, bo th  sections w ere  heated  sim ultaneously  to  vaporize an d  
atom ize th e  sam ple. The exact procedure is  described in  detail below. A brief 
outline of th e  m ethod is  p resen ted  in  Table 111.
1) The sam ple w as placed in  th e  vaporization section an d  th e  argon  supply 
hose w as  rea ttach e d  to  th e  fu rnace  argon  in let.
2) The atom ization  a n d  vaporization  sections w ere heated , sim ultaneously, 
to th e ir  m axim um  tem p era tu res  of abou t 2500 *C an d  2500 -  2600 *C, respectively. 
The sam ple w as vaporized, atom ized an d  th e n  pushed in to  th e  lig h t p a th , w here
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th e  atom ic absorp tion  m easu rem en t w as m ade.
3) Power to  both  sections w as tu rn ed  off. The furnace w as allowed to cool for 
30 -  60 s before th e  nex t sam ple  w as ru n .
10. C onstant Tem perature m ethod
The n am e of th e  m ethod indicates th a t  both  sections of th e  furnace h ad  been 
heated  to  a  co n stan t tem p era tu re  before th e  sam ple, placed on a  carbon rod 
sam pling  device (CRSD), w as  th ru s t  in to  th e  furnace.
A ttem pts to  study som e of th e  m ore volatile elem ents, such  a s  m ercury  and  
selenium , revealed a  problem  w ith  th e  AV m ethod, m entioned above. When the  
atom ization  section w as heated , th e  tem p era tu re  of th e  vaporization section rose, 
th rough  conduction, to 100 -  150 *C. This tem pera tu re  w as h ig h  enough to volatilize 
a  sizeable fraction  of th e  volatile  analy te . The analy te  loss did no t go undetected, 
however. I t passed th ro u g h  th e  atom ization  section an d  th e n  in to  th e  ligh t p a th , 
w here th e  atom ic absorption m easu rem en t w as m ade. So, even though som e of th e  
an a ly te  w as lost, i t  w as s till detected. The in itia l loss caused th e  second (m ajor) 
peak to be sm a lle r a n d  th is , in  tu rn , caused th e  sensitiv ity  to  be decreased.
It w as desired th a t  a ll of th e  an a ly te  e n te r  th e  gas phase  sim ultaneously. The 
second CRSD design an d  th e  th ird  furnace design w ere used. The exact procedure is 
described in  detail below. A brief outline of th e  m ethod is  p resen ted  in  Table III.
1) The sam ple, 2 - 5  pL, w as loaded onto th e  CRSD sam ple head  w ith  a  
m icro liter sy ringe  or pipet.
2) Both atom ization  an d  vaporization sections of th e  fu rnace w ere heated  to 
th e ir  m axim um  tem p era tu res  of 2500 *C and 2500 -  2600 *C. respectively. An
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in te rv a l of 20 -  30 s w as allowed for th e rm a l equilibrium  to  occur.
3) The CRSD, w ith  sam ple, w as th ru s t  in to  th e  heated  furnace. Two Teflon 
adap ters , a s  show n in  Figure 18, provided a  gas t ig h t seal before th e  sam ple 
reached  th e  hea ted  portion of th e  furnace. As th e  sam ple  head  slid  in to  th e  hot 
vaporization section, th e  sam ple w as in s ta n tly  vaporized, pushed by th e  argon  
th rough  th e  atom ization  section an d  in to  th e  lig h t p a th  w here th e  absorption 
m easu rem en t w as m ade.
4) Power to both  sections w as tu rned  off.
5) An In terva l of 30 -  60 s allowed th e  fu rnace an d  CRSD to cool before th e  next 
sam ple w as run .
11. m ethod m odification bu th e  use of th e  Carbon Rod Sam pling Device 
(CRSD)
Any of th e  m ethods m entioned above (except th e  co n stan t tem pera tu re  
m ethod) could be modified by th e  use  of th e  CRSD.
The precision associated  w ith  som e of th e  above m ethods w as ra th e r  poor a t  
tim es, on th e  order of 20 -  30 X re la tiv e  s ta n d a rd  deviation (RSD). I t  w as 
hypothesized th a t  p a r t  of th e  im precision resu lted  from  irreproducible p lacem ent 
of sam ple on th e  furnace w all. As s ta ted  above, th e  needle tip  w as placed quite 
precisely in  th e  sam e position before th e  sam ple  w as ejected. But, a fte r th e  sam ple 
w as ejected from  th e  sy ringe, i t  is  likely th a t  th e  sam ple w as sm eared  along the  
furnace w all a s  th e  needle w as w ithdraw n . The carbon rod sam pling  device (CRSD) 
w as designed to  overcome th is  problem .
Figure 18
Second CRSD Design and Third 
Furnace Design used for the 
Constant Tem perature Method
! ■
CT\
00
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A m icro liter sy ringe or pipet w as used to  place 2 -  5 |lL of sam ple onto th e  CRSD 
sam ple head. The CRSD w as th e n  slid  in to  th e  vaporization section and  th e  r e s t  of 
th e  steps in  th e  m ethod w ere carried  out w ith  th e  CRSD inside th e  vaporization 
section. This avoided th e  sm earin g  problem  encountered w ith  th e  needle.
. If th e  CRSD h ad  no t been used in  several hours, or longer, i t  w as placed in  th e  
furnace an d  pu t th rough  several cycles. This rem oved any  m a te ria l th a t  m ay  have 
adsorbed to  it.
12. m ethod m odification bu th e  Use of m ultip le Sample Drying on th e  
CRSD
Any of th e  m ethods described above could be modified by th e  use of m ultip le 
sam ple d ry ing  on th e  CRSD.
A m icro liter sy ringe or pipet w as used to  load 2 -  5 |1L of sam ple onto the  
sam ple head  of th e  CRSD. The sam ple w as dried  by h ea tin g  th e  CRSD to about 80 *C 
w ith  a  h e a t lam p. After th e  sam ple w as dry , ano ther aliquot w as added to  th e  
CRSD an d  th e  procedure w as  repea ted  tw o or th re e  tim es, a s  desired.
This concen trated  th e  sam ple by increasing  th e  absolute am oun t of ana ly te  on 
th e  CRSD. now, detection of a n  an a ly te  in  a  d ilu te sam ple w as easier.
13. m ethod m odification bu th e  Use of W ater Vapor or m e th an e  as  
Reaction Gases
Any of th e  m ethods described above could be modified by th e  addition of one of 
th e  two reac tion  gases to th e  furnace argon  flow.
The purpose of adding  e ith e r reac tion  gas  to th e  furnace argon  flow w as to 
provide a  g rea te r reducing  a tm osphere inside th e  furnace. This would increase th e
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atom ization  efficiency an d  th e  sensitiv ity .
m e th an e  w as decomposed to  hydrogen an d  elem ental carbon, both  of w hich  
w ere good reducing agen ts, in side  th e  ho t furnace. The w a te r vapor w as converted 
to carbon monoadde an d  hydrogen  v ia  th e  w a te r gas reaction , discussed in  th e  
Introduction. Carbon monoxide an d  hydrogen also provided a n  excellent reducing 
a tm osphere  inside th e  furnace.
m e th an e  w as added to  th e  fu rnace flow gas th rough  th e  gas hand ling  system , 
show n in  Figure 15. W ater vapor w as added to th e  furnace flow gas by passing  the 
argon  th rough  a  w a te r sparger. Just before th e  argon  passed in to  th e  furnace. Both 
gases could not be added to  th e  fu rnace flow gas sim ultaneously, because th e  h igh  
back p ressu re  from  th e  w a te r  sp a rg e r p revented  th e  m e th an e  from  flowing.
E. LEAD STUDIES
1. AfhotlV m ethod
a. Conditions
The conditions used w ith  th is  m ethod a re  s im ila r  to those listed  in  Table III.
b. Results
When th is  m ethod w as used, a  peak frequently  occurred im m ediately  a fte r 
th e  sam ple  w as in jected  in to  th e  vaporization section. Concurrently, a  "sizzle” 
em inated  from  inside th e  furnace. This occurred even though th e  vaporization 
section w as no t heated  electrically . A pparently, th e  vaporization section, heated  
to 100 - 150‘C by conduction, w as ho t enough to boil th e  sam ple solution as  soon as 
it left th e  needle. P a r t of th e  an a ly te  w as carried  through th e  ho t atom ization
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section by th e  generated  s team  and in to  th e  lig h t pa th , w here th e  atom ic 
absorp tion  w as m easured. This w as confirm ed by ru n n in g  th e  sam e sam ple w ith  
th e  deuterium  lam p, w h ich  showed th a t  th e  absorption w as due to  atom ic lead 
an d  no t m olecular species.
A nother peak occurred w hen  th e  vaporization section w as heated. Because 
p a r t  of th e  an a ly te  w as lost before th e  vaporization section w as heated , th e  
sensitiv ity  w as reduced. The am ount of an a ly te  in itia lly  lost w as not reproducible. 
Consequently, th e  peak genera ted  w hen  th e  vaporization section w as heated  w as 
no t reproducible.
The A(hot)V m ethod w as considered unusable for lead analyses because of the  
im precision an d  reduced signal h e ig h t caused by th e  in itia l sam ple loss.
2. AV m ethod
a. Conditions
A furnace argon  flow r a te  of about 11 m L/m in w as used. This w as the  
optim um  flow ra te , a s  ind icated  by a  flow study  (Figure 19).
The o ther in s tru m en ta l conditions used for lead a re  listed in  Table IV.
b. Results
A typical calib ration  curve for lead is illu s tra ted  in  Figure 20. From th e  slope 
of th e  calib ra tion  curve, th e  sensitiv ity  ( by convention, defined as th e  m ass  of 
an a ly te  requ ired  to give 1 K absorption o r 0.0044 absorbance units) w as estim ated  to 
be 70 pg Pb. The lite ra tu re  sensitiv ity  value for lead, using  a  com m ercial 
Ihassm an -ty p e  atom izer (7], h a s  been reported  to be 23 pg Pb. Even though the
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Figure 19
Flow Study Using 500 pg Pb
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TABLE IV
Typical In s tru m en ta l Conditions Used for Lead Studies
W avelength 283.3 nm
DHCL C urrent 21 mA
DHCL Pressure 0.9 to rr  (120 Pa)
m onochrom ator Slit Width 20|im
Photom ultiplier Tube Voltage 330V
Housing Argon Flow Rate 275 m L/m in
Housing m e th an e  Flow Rate 16 m L/m in
Furnace Argon Flow Rate -  (Without CRSD): 11 m L/m in
Furnace Argon Flow Rate -  (With CRSD) 17 m L/m in
Furnace m e th an e  Flow Rate 0 m L/m in
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Figure 20
Calibration Curue fo r  Lead Using th e  HU Method
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sensitiv ity  reported  for th is  work w as poorer, i t  w as still of th e  sam e order of 
m agnitude.
The calibration  curve did no t appear to be linear, no t all of th e  points fell on 
th e  least squares line, as show n in  Figure 20. P a rt of th e  reason  for th is  w as th e  
poor precision obtained, illu s tra ted  in  Figure 21. For 2 ng of lead, an  average 
absorbance 0.21A w ith  a  re la tive  s tan d a rd  deviation of 22 5? w as a tta in ed  (11 trials). 
The reason  for th is  poor precision is described below.
3. AV m ethod w ith  th e  CRSD
a. Conditions
A furnace argon  flow ra te  of about 17 m L /m in w as used. This w as the 
optim um  flow ra te , as  indicated by a  flow study (Figure 22). Other in s tru m en t 
param eters  a re  listed in  Table IV.
b. Results
Im precision resu lted  w hen  th e  sam ple w as placed in  th e  vaporization section 
w ith  th e  10 cm  syringe needle. It w as possible th a t  th e  sam ple w as sm eared  along 
th e  vaporization cham ber as  th e  needle w as w ithd raw n . The CRSD w as designed, 
specifically to  overcome th is  problem . Using th is  technique, sam ple placed on the  
CRSD w as placed in  the  vaporization section reproducibly and  w ithout sm earing .
Using an  aliquot con tain ing  2 n g  of lead, a n  average absorbance of 0.10 A w ith  
a  re la tive  s tan d a rd  deviation of 8.7 S w as obtained w hen  th e  CRSD w as used ( n ine 
trials). When th e  CRSD w as no t used, a  re la tiv e  s ta n d a rd  deviation of 22 X w as 
a tta ined , ( for eleven tria ls). Therefore, th e  precision w as g rea tly  increased w hen 
the  CRSD w as used. U nfortunately, peak broadening and  consequent peak
Figure 21
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Figure 22
Floui Study using 2 ng of Pb on th e  CRSD
0.20
0.16
0.08
1.04
0.00
10 200
Furnace Rrgon Flow Rate (mL/min)
78
sho rten ing  occurred, w hen  th e  CRSD w as used, leading to a  decrease in  sensitiv ity . 
This w as a  re su lt of th e  decreased h ea ting  r a te  experienced by th e  sam ple, due to 
th e  increased  m ass  of carbon (i.e., th e  CRSD) w hich  h ad  to  be heated  to  vaporize 
th e  sam ple.
The precision study, above, w as carried  out before th e  fu rnace argon  flow ra te  
w as optimized. A calib ra tion  curve m ade w hile using th e  CRSD, (Figure 23) 
indicated  th a t  th e  sensitiv ity  (60 pg Pb) w as v irtually  th e  sam e as w hen th e  CRSD 
w as not used. This showed th a t,  probably, th e  use of th e  CRSD did not g reatly  affect 
th e  sensitiv ity  for lead, if a ll conditions w ere optimized.
4. AV fflethod w ith  m ultip le Sample Druinq on th e  CRSD
a. Conditions
Conditions used a re  listed  in  Table IV.
b. Results
By placing a  2 |1L aliquot of sam ple on th e  CRSD, dry ing  i t  in  th e  vaporization 
section and  th en  placing 2 |1L m ore sam ple on th e  CRSD, a  two fold Increase in  
signal w as obtained, (F igure 24). Thus, some degree of sam ple concentration  w as 
achieved. This effectively increased  th e  concen tration  sensitiv ity  values, though 
not th e  absolute (m ass) sensitiv ity  values.
5. Effect of Furnace Design
a. Com parison of th e  Sensitivitu  of th e  F irst and  Second Furnace 
Designs
The f irs t and  second fu rnace designs w ere described in  th e  equipm ent section 
and  illu stra ted  in  Figure 8.
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Figure 23
Calibration Curue fo r  Lead Using th e  RU Method w ith th e  CRSD
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Figure 24
Absorption Signals for Lead Using the  flU Method 
w ith  Multiple Sample Drying on th e  CRSD
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There w as no s ign ifican t difference in  sensitiv ity  for lead between th e  two 
furnace designs.
b. Effect of A tom ization Channel Inside D iam eter
The f irs t  tim e th e  second furnace design w as used th e  re su lts  w ere very  
disappointing. A 5 ng  aliquot of lead gave little  o r no signal. Usually, such a  large 
quan tity  would re su lt in  a t  le a s t 50 ?! absorption. I t w as quickly discovered th a t  
th e  atom ization  section h ad  been m istaken ly  drilled out to th e  w rong d iam eter. A 
drill b it  of 5/64 inch  (0.20 cm ) d iam ete r h ad  been used in s tead  of th e  usual l/16 th  
inch  (0.16 cm ) d iam eter drill bit. The la rg e r d iam ete r atom ization  channel did no t 
allow th e  in tim a te  con tac t betw een sam ple and  ho t carbon experienced w ith  th e  
sm alle r d iam ete r atom ization  ch an n e l. W hat w as m ost rem ark ab le  w as th a t  such 
a  sm all difference in  d iam ete r could m ake such  a  la rge  difference in  atom ization  
efficiency. When a n  atom ization  section Inside d iam ete r of 1/16th  inch  w as used, 
roughly  th e  sam e sensitiv ity  a s  for th e  f ir s t  fu rnace design w as a tta ined .
c. Effect of Extending th e  Furnace Light P a th  w ith  a  Cross Piece
A cross piece w as added to th e  second fu rnace design in  order to extend the  
lig h t path . The design of th e  cross piece w as described in  th e  equipm ent section 
and  illu s tra ted  in  Figure 10.
The advan tage of extending th e  lig h t p a th  w ith  th e  cross piece w as th a t  it  
enabled m ore a tom s to  be in  th e  lig h t p a th  a t  one tim e. Because m ore a tom s w ere 
in  th e  lig h t p a th , th e  a tom ic absorp tion  an d  sensitiv ity  increased. The addition of 
a  4 cm  cross piece resu lted  in  a  four fold increase in  sensitiv ity  for lead, as 
com pared to th e  furnace w ithou t th e  lig h t path .
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F. COPPER STUDIES
1. AfhotlV m ethod
a. Results
As w ith  th e  lead studies, w hen  th e  aqueous sam ple cam e in to  con tact w ith  
th e  ho t vaporization section, th e  w a te r boiled rap id ly  an d  p a r t of th e  ana ly te  w as 
forced in to  th e  vapor phase. Two peaks resu lted , one upon in jection an d  one w hen 
th e  vaporization  section w as heated. This w as undesireable for tw o reasons. First, 
th e  presence of tw o peaks resu lted  in  lower peak h e igh ts  and  reduced sensitiv ity . 
Second, th e  f ir s t  peak w as extrem ely irreproducible. w hich resu lted  in  poor 
precision.
This m ethod w as no t Investigated  fu rth er.
2. AV m ethod
a. Results
Copper, w hich  h a s  a  boiling poin t of 2567 *C. requ ired  a  longer period of tim e 
th a n  lead to be released  from  th e  vaporization section. This section w as only 
heated  to  about 2500 *C. Consequently, th e  copper absorption signals w ere 15 -  30 s 
w ide a t  th e  base. This w as  m uch  w ider th a n  for lead. Because th e  peaks w ere very  
wide, th e  peak h e ig h ts  w ere very  sm all, resu ltin g  in  poor sensitiv ity . This figure 
w as 80,000 pg Cu. This w as poorer th a n  w ith  th e  AV m ethod w ith  reverse  flow.
3. AV m ethod w ith  Reverse Flow
a. Conditions
It w as show n th a t  fa r th e  rev erse  flow m ethod th e  m axim um  signal w as 
obtained a fte r  th e  atom ization  section h ad  hea ted  for 45 s, a s  seen in  Figure 25.
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After th is  w as ascerta ined , th e  atom ization  section w as heated  for ca. 50 s.
A flow study  w as conducted, a s  show n in  Figure 26. I t indicated th a t  the  
fu rnace argon  flow r a te  h ad  little  effect on th e  absorption peak h e ig h t above about 
26 m L/m in. O ther conditions a re  listed  in  Table V.
b. Results
Ho o ther m ethod investigated  w as as  sensitive as  th is  one. It w as never 
understood exactly w hy th is  p a rticu la r m ethod worked b e tte r th a n  o ther m ethods. 
At f irs t, i t  w as suspected th a t  m e th an e  in  th e  housing purge gas w as providing a 
b e tte r  reducing  a tm osphere  as  i t  passed th rough  th e  furnace. Such w as no t the  
case, however. W hen th e  m e th an e  w as e lim inated  from  th e  purge gas, th e  effect 
w as th e  sam e. Later, i t  w as discovered th a t  soot h ad  built up  in  th e  vaporization 
section a fte r repea ted  cycles. I t is  possible th a t  th is  soot w as somehow responsible 
for th e  phenom enon, by providing s ite s  for th e  reduction  of th e  copper cation  or 
form ation  of a  m ore volatile copper com pound, etc.
This hypothesis w as s tren g th en ed  by a  rep o rt th a t  carbon black increased  the 
atom ization  efficiency of m olybdenum  an d  vanad ium  in  furnace AAS [18]. The 
estim ated  sensitiv ity  for copper w as 150 pg Cu. This w as poor com pared to  th e  
lite ra tu re  sensitiv ity  value of 45 pg Cu 17].
4. AVfwarmlVfhot) m ethod 
a. Conditions
Conditions used w ith  th e  AV(warm)Y(hot) m ethod w ere s im ila r  to those listed 
in  Table V.
64
Figure 25
Rtomization Section UJarm - Up Time Study Using 5 ng Cu
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Figure 26
Flow Study Using 5 ng Cu
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TABLE V
Tupical In stru m en ta l Conditions Used for Copper Studies
W avelength 
DHCL C urrent 
DHCL Pressure 
m onochrom ator Slit Width 
Photom ultiplier Tube Voltage 
Housing Argon Flow Rate 
Housing m e th an e  How Rate 
Furnace Argon Flow Rate 
Furnace m e th an e  Flow Rate
324.7 nm  
20 mA
0.5 to rr  (67 Pa)
30|im
330V
275 m L /m in 
4 m L/m in 
32 m L/m in 
0 m L/m in
b. Results an d  Discussion
This m ethod resu lted  in  a  sensitiv ity  of 350 pg Cu. poorer sensitiv ity  th a n  the  
reverse flow m ethod.
In te rm s of th e  tem p era tu re  program , th is  m ethod w as very  s im ila r to th e  
reverse flow m ethod. The only difference w as th a t  th e  gases from  th e  furnace 
housing did no t flow backw ard th rough  th e  furnace.
5. VA Trapping m ethod
a. Conditions
Conditions used w ith  th e  VA trap p in g  m ethod w ere s im ila r  to those listed in  
Table V. Various furnace argon  flow ra te s  w ere  studied to  find th e  optim um  flow 
ra te .
b. Results
The VA trap p in g  m ethod resu lted  in  a  sensitiv ity  value of 900 pg Cu. This w as 
poorer th a n  obtained w ith  th e  AV m ethod w ith  rev erse  flow.
6. VA Trapping m ethod  w ith  Reverse Flow
a. Conditions
Conditions used w ith  th e  VA trap p in g  m ethod w ith  reverse  flow w ere s im ila r  
to those listed  in  Table V. Various furnace argon  flow ra te s  w ere studied to  find th e  
optim um  flow ra te .
I t w as hoped th a t  by u tiliz ing  th e  reverse  flow m ethod th e  trapp ing  efficiency 
would be increased. However, th e  m ethod provided a  sensitiv ity  of 1000 pg Cu, 
poorer th a n  th e  AV m ethod w ith  rev erse  flow an d  th e  VA trapp ing  m ethod.
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7. O ther m ethods
a. m ethods
At le a st two o ther m ethods, described below, w ere Investigated for use w ith  
copper.
In one m ethod th e  sam ple w as placed in  th e  furnace, th e  argon  supply hose 
left unconnected, an d  th e  atom ization  section w as heated. After 45 -  50 s, th e  
vaporization section w as hea ted  an d  th e  a rgon  supply hose reconnected to th e  
furnace.
The o ther m ethod used th e  th ree -w ay  stopcock, th a t  had  been Installed  in  th e  
argon  supply system  ju s t before th e  furnace. In itially , th e  argon  w as sh u t off a t  
th e  stopcock. The sam ple w as placed in  th e  furnace an d  th e  argon  supply hose left 
unconnected. After th e  atom ization  section w as heated  for 30 -  60 s , th e  argon  
supply hose w as reconnnected. Then th e  vaporization section w as heated  for ca. 
15 s. Rezt, th e  stopcock w as tu rn ed  to  allow argon  to  flow th rough  th e  furnace.
The object of both  of th e  above m ethods, w as to  increase  th e  tim e th e  sam ple 
sp en t in  th e  vaporization  section an d  th u s  increase  th e  ana ly te  atom  
concen tration  in  th e  gas phase, before th e  sam ple w as pushed th rough  th e  
atom ization  section an d  in to  th e  ligh tpa th .
b. Results
The use of th e  f ir s t  m ethod resu lted  in  a n  absorption signal w hen th e  argon 
supply hose w as reconnected to th e  furnace. An estim ated  sensitiv ity  of 300 pg Cu 
w as obtained, as  com pared to  150 pg Cu for th e  AV m ethod w ith  reverse  flow. The 
precision w as very  poor because i t  w as difficult to  tim e  th e  various steps precisely.
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The second m ethod provided b e tte r reproducibility, because th e re  w ere few er 
critica l steps. But th e  sensitiv ity  w as 200 pg ca, poorer th a t  th e  AV m ethod w ith  
reverse  flow.
G. niCKEL STUDIES
The second furnace design w as used throughout th e  nickel studies.
1. AV m ethod
a. Conditions
A flow study, illu s tra ted  in  Figure 27. showed th a t  th e  atom ic absorption 
increased  w ith  increasing  furnace argon  flow ra te . Since no m axim um  or p la teau  
in  th e  curve w as seen, th e  flow r a te  w as se t to  th e  m axim um  flow m easureable  by 
th e  ro to m ete r, about 130 m L/m in.
Other conditions utilized for th e  nickel studies a re  listed  in  Table VI.
b. Results
i. Sensitivitu
A calib ra tion  curve m ade w hile using  th e  AV m ethod is  show n in  Figure 28. 
The slope of th e  curve indicated  th a t  th e  sensitiv ity  w as about 300 pg m . The 
lite ra tu re  sensitiv ity  value w as 330 pg Hi [7]. These values w ere essen tially  
equilavent.
I t w as noted th a t  as  th e  carbon aged, th e  sensitiv ity  for nickel decreased. A 
two or th ree  fold decrease in  sensitiv ity  w as som etim es noted, depending on th e  
num ber of h ea tin g  cycles th e  carbon h ad  undergone.
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Figure 27
Floui Study Using 50 ng of  Ni
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TABLE VI
Topical In s tru m en ta l Conditions Used for nickel Studies
W avelength 232.0 nm
HCL C urrent 15.5 mA
m onochrom ator Slit Width 35 |lm
Photom ultiplier Tube Voltage 320V
Housing Argon Flow Rate 275 m L /m in
Housing H lethane Flow Rate lO m L/m in
Furnace Argon Flow Rate : 122 m L/m in
Furnace m e th an e  Flow Rate : 0 m L/m in
92
ii. Precision
Prom six tr ia ls  using  25 ng  of nickel, a n  average signal of 0.30 A w as obtained 
w ith  a  re la tive  s ta n d a rd  deviation of 35 X.
2. AV Hlethod w ith  th e  use of Reaction Gases
a. Results
n e ith e r of th e  reac tion  gases (w ater vapor and  m ethane) affected the  
sensitiv ity  for n ickel. P a r t of th e  fa ilu re  of th e  w a te r vapor m ay  have  re s ted  on th e  
low argon  flow th rough  th e  w a te r  sparger. Because th e  flow r a te  w as re la tively  
slow, th e  bubbles passing  th rough  th e  sp a rg e r w ere r a th e r  large. This decreased 
th e  efficiency of th e  sp a rg e r so th a t  th e  argon  w as no t sa tu ra ted  w ith  w a te r vapor.
3. AV m ethod w ith  Reverse Flow m ethod
a. Conditions
The conditions used w ere th e  sam e a s  listed  in  Table VI.
b. Results
ho change In th e  a tom ic absorption signals w as seen w hen  the  reverse  flow 
m ethod w as used, a s  com pared to  w hen  th e  basic  m ethod w as used.
4. AV m ethod w ith  th e  CRSD
a. Conditions
The conditions used w ere  th e  sam e as  listed  in  Table VI.
b. Results
i. Sensitivitu
A calib ra tion  curve, show n in  Figure 29, w as ru n . The sensitiv ity , as 
calculated from  th e  slope, w as about 200 pg Di. This w as s ligh tly  be tte r th a n  th e
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Figure 28
Calibration Curve for  Nickel Using the  RU Method
0.20
o.i s
0.10
0.05
e.o
25 9015 20
ng Nickel
94
Figure 29
Calibration Curve for  Nickel Using the  Ufl Trapping Method
uiith the  CRSD
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sensitiv ity  value obtained w ith  th e  AV m ethod w ithou t using  th e  CRSD, w hich w as 
300 pg.
ii. Precision
Aliqouts w ith  15 ng  nickel (Figure 30) provided a n  average signal of 0.25 A w ith  
a  re la tive  s ta n d a rd  deviation of 6.6 J5 (6 trials). This precision w as m uch be tte r 
th a n  th e  35 X RSD obtained w ithou t th e  use  erf th e  CRSD.
5. VA Trapping m ethod
a. Conditions
The conditions used a re  listed  in  Table VI.
b. Results
When th e  VA trap p in g  m ethod w as used, th e  sensitiv ity  of about 600 pg n i w as 
obtained. This rep resen ted  a  tw o fold loss erf sensitiv ity  over th e  AV m ethod. The 
sensitiv ity  loss did not seem  to  be due to  peak broadening. When com paring peaks 
obtained w hile using  th e  AV an d  VA trap p in g  m ethods, no difference in  peak 
w id ths w as noticed. Thus, th e  loss of sensitiv ity  w as probably due to poor trapp ing  
efficiency, r a th e r  th a n  peak broadening.
H. mERCURY STUDIES
The second fu rnace design w as used throughout th e  m ercury  studies.
1. AV m ethod
a. Conditions
Conditions typically  used for m ercury  a re  listed  in  Table VII. Several 
variab les, no tably  th e  furnace argon flow  r a te  and  th e  atom ization section
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w arm -u p  tim e, w ere changed to investigate  th e  effect on th e  atom ic absorption 
signal.
b. Results
As can  be seen in  Figure 31, a s  soon as  th e  atom ization  section w as heated , a  
m ercury  peak w as generated . After 20 -  30 s. th e  vaporization section w as heated , 
an o th e r m ercury  signal w as seen.
It w as ap p are n t th a t  by h ea tin g  th e  atom ization  section, th e  vaporization 
section w as heated  (by conduction) enough to volatilize p a rt, though no t all. of th e  
m ercury  s tan d ard . Thus, w hen  th e  vaporization section w as sw itched on, the  
peak th a t  resu lted  w as no t a s  h ig h  a s  i t  m ig h t have been, because of th e  lost 
analy te . This illu s tra ted  th e  ex trem e vola tility  of m ercury  and  its  salts.
The m ethod  itself, w as  judged unsu itab le , based on th e  evolution of tw o peak s, 
r a th e r  th a n  one.
2. VA m ethod
a. Conditions
Typical conditions used for m ercury  a re  listed  in  Table VII.
b. Results
As can  be seen in  Figure 31. a  peak occurred a fte r th e  vaporization section w as 
heated . When th e  atom ization  section w as heated , ano ther, sm a lle r peak resulted . 
The second peak resu lted  from  th e  sm all am oun t of m ercu ry  trapped  inside th e  
atom ization  section.
i. Sensitivitu
The estim ated  sensitiv ity  value w as 600 pg Hg.
TABLE VII
Tupical In s tru m en ta l Conditions Used for.m ercuru Studies
W avelength 253.7 nm
HCL C urrent 5 mA
m onochrom ator Silt Width 50|Un
Photom ultiplier Tube Voltage 460V
Housing Argon Flow Rate 275 m L/m in
Housing m e th an e  Flow Rate 4 m L/m in
Furnace Argon Flow Rate 4 m L/m in
Furnace m e th an e  Flow Rate 0 m L/m in
Figure 3 1
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The f irs t  peak w as m uch  la rg e r  th a n  th e  second, ind icating  th a t  m ost of the  
m ercu ry  passed th rough  th e  atom ization  section w ithout being trapped.
When th e  h e igh t of th e  f ir s t  peak w as m easured  and  com pared to peaks 
rep resen tin g  th e  sam e am oun t of m ercury , genera ted  by o ther m ethods, i t  w as 
obvious th a t  th is  m ethod w as th e  m ost sensitive  of all th e  m ethods th a t  did not use 
th e  CRSD.
ii. Precision
The precision for seven tr ia ls  using  25 n g  of m ercury  w as 34 X re la tive  
s ta n d a rd  deviation.
iii. Cold Furnace Results
If a  sam ple w as placed in  th e  fu rnace  and  allowed to s i t  for several m inu tes 
w ith  argon  passing  over i t ,  a n  atom ic absorption signal would resu lt. As can  be 
seen  from  Figure 32, th e  peak w as very  broad, requ iring  two or th ree  m inu tes to 
reac h  its  m axim um  an d  subside. A la rge  portion of th e  peak w as due to  atom ic 
absorption even though th e  deuterium  lam p  showed th a t  a  sm all p a r t  of i t  w as due 
to  m olecular absorption. If th e  peak w as allowed to  re tu rn  to th e  baseline, th e  
peaks th a t  resu lted  from  th e  h ea tin g  of th e  vaporization and  atom ization sections 
w ere very  sm all. This ind icated  th a t  a  la rg e  fraction  of th e  analy te  w as being lost 
w ithout even h ea tin g  th e  furnace.
This phenom enon w as  noticed only w h en  th e  furnace w as new. Probably, 
w hen  th e  carbon surface w as aged a n d  p itted , th e  sam ple soaked in  and  w as no t as  
easily volatilized. A t le a s t one m anu fac tu re r reported  poorer sensitiv ity  for 
m ercury  w hen  pyrolytically  coated furnaces w ere used [77]. Since th e  speed an d /o r
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degree of loss depended on th e  porosity of th e  carbon surface, th is  process could 
lead to long te rm  im precision in  q u an tita tin g  m ercury .
Once again , th e  vola tility  of m ercury  and  its  compounds w as dem onstrated . 
W hat w as m ost rem arkab le , however, w as th a t  th e  m ercury  (II) chloride w as not 
only volatilized, bu t also  atom ized in  th e  cold furnace before i t  reached  th e  
ligh tpa th .
3. VA m ethod w ith  CRSD
a. Conditions
A flow study  (Figure 33) indicated th a t  a  very  low flow w as optim um . Higher 
flow ra te s  caused th e  a tom s to  pass th rough  th e  lig h t p a th  fas te r th a n  th e  
electronics could process th e  signal. A furnace arg o n  flow r a te  of 10 m L /m in w as 
typical. O ther conditions a re  listed  in  Table VII.
b. Results
i. Sensitivitu
A calib ration  curve (Figure 34) w as ra n . The slope of th e  curve ind icated  a 
sensitiv ity  value erf 220 pg Hg. This w as be tte r th a n  th e  value for th e  o rd inary  VA 
m ethod, w h ich  w as 600 pg Hg, an d  orders of m agn itude  b e tte r th a n  th e  lite ra tu re  
value erf 15000 pg Hg [7].
The poor lite ra tu re  sensitiv ity  value w as a  re su lt of th e  loss of an a ly te  du ring  
th e  dry ing  and  a sh in g  s teps necessary  for com m ercial in s tru m en ts .
The reason  for th e  im proved sensitiv ity  over th e  o rd inary  VA m ethod w as 
probably due to th e  slow er h ea tin g  r a te  experienced by th e  sam ple on th e  CRSD. 
(Because th e  CRSD w as hea ted  only by rad ia tio n  and  conduction from  th e  hot
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Figure 32
Mercury Rbsorption Signals Obtained When the  
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Figure 34
Mercury Calibration Curue with th e  CRSD and the  UR Method
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furnace, its  tem p era tu re  increased  m ore slowly th a n  th a t  of th e  furnace.). The 
signal w as slowed enough for th e  electronics to process i t  adequately,
ii. Precision
Using 10 ng  aliquots of m ercu ry , a n  average absorbance of 0.30 A w ith  a  
re la tive  s ta n d a rd  deviation of 9.9 X w as obtained (7 trials). This precision w as 
considerably b e tte r  th a n  th e  34 S obtained  w h en  th e  VA m ethod w as used w ithout 
th e  CRSD.
4. AV an d  VA Iflethods w ith  m a tr ix  modification
a. m ethod
As m entioned  in  th e  in troduction , th e  use of m a trix  m odifiers prevented th e  
volatilization of easily  vaporized an aly tes. One In s tru m en t m anufac tu rer [77] 
recom m ended th a t  m a trix  m odification be carried  out for m ercury  analyses. This 
w as done by m ak ing  up all of th e  sam ples an d  s tan d a rd s  so th a t  they  contained 
10CX) |ig/mL of te llu rium  an d  10 X HCL.
For th e  purposes of th is  study , a ll of th e  s tan d a rd s  w ere m ade up  to  con tain  
600 (Ig/mL of te llu rium  an d  1 X HCL. The VA m ethod or th e  AV m ethod w as th en  used 
for all of th e  sam ples.
b. Results
With m a trix  m odification, th e  sensitiv ity  for m ercury  w as found to be 100 pg 
Hg for th e  VA m ethod a n d  200 pg Hg for th e  AV m ethod. Both of these  values a re  
be tte r th a n  those obtained w ithou t m a tr ix  m odification, bu t no t m uch  b e tte r th a n  
w hen  th e  CRSD w as  used (220 pg Hg). Also, th ese  values w ere about th e  sam e as  th e  
com m ercial vendor's claim ed sen sitiv ity  value of 150 pg Hg. a tta in a b le  w hen
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m atrix  m odification w as used. The re su lts  indicated  th a t  th e  use of th e  CRSD and  
th e  double s tag e  furnace provided excellent sensitiv ity  w ithou t th e  r isk  of added 
reagen ts.
I t should be noted th a t  w hen  th e  AV m ethod w as used w ith  m a trix  
modification, only one peak resu lted  a fte r th e  vaporization section w as heated. 
This indicated  th a t  th e  m a trix  m odifier g rea tly  reduced th e  m ercury  loss, w hile 
th e  atom ization  section w as being heated  an d  th e  sam ple w as dried.
5. Sim ultaneous Heating m ethod
a. Conditions
Typical conditions used a re  listed  in  Table VII.
b. Results
The es tim ated  sensitiv ity  value w as 800 pg Hg. As can  be seen from  Figure 31, 
only one peak resu lted . It w as expected th a t  th is  peak would be la rg e r th a n  any  one 
peak in  th e  o th e r m ethods used for m ercury , because no analy te  loss occurred 
before th e  analy tica l s igna l w as generated. In  fact, th e  peak w as sm aller th a n  
w ith  any  o th e r m ethod. There w ere a t  le ast two explanations. F irst, i t  m ig h t have 
been th a t  th e  absorption signal cam e off m uch fas te r th a n  w ith  th e  o ther m ethods 
an d  w as d isto rted  m uch  m ore. The re su lt w as a  d rastica lly  shortened  peak. The 
o ther explanation w as th a t  w hen both sections w ere heated  sim ultaneously, the 
cu rren ts  s e t up  by th e  rap id ly  expanding gas im peded th e  ana ly te  flow in to  the  
lig h t path . In  support of th is , th e  peaks did n o t r ise  an d  fall a s  sm oothly for th is  
m ethod as  they  did w ith  som e of th e  o ther m ethods.
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6. O ther m ethods
a. m ethods an d  Conditions
Several o ther m ethods w ere investigated  for use-w ith m ercury , m ost of these  
involved chang ing  th e  fu rnace  argon  flow r a te  or re a rra n g in g  th e  order of th e  
steps in  th e  h ea tin g  cycle.
b. Results
Hone of th e  o ther m ethods h ad  re su lts  a s  good as  those obtained for th e  
m ethods used for m ercury  m entioned previously in  th is  section.
I. Tin STUDIES
The second fu rnace design w as used throughout th e  tin  studies.
1. Demountable Hollow Cathode Lamp
The tin  DHCL proved to be r a th e r  troublesome. Several different hollow 
cathodes w ere m ade by differen t m ethods. The tin  w as pounded in to  a  foil, cu t to 
size, rolled up an d  slipped in to  a  t r a s s  o r carbon cup. A nother m ethod for 
m anufac tu ring  hollow cathodes w as to  m elt t in  pellets in  a  b ra ss  or carbon cup (an 
oven a t  300 *C w as used). After th e  m eta l h ad  cooled, i t  w as drilled  out to  form  th e  
hollow cathode.
Several cathodes w ere m ade by th e  above m ethods, b u t they  did no t produce a 
strong  t in  resonance em ission  line. Finally, a  cathode w as m ade (tin  pellets 
m elted  in  a  carbon cup) th a t  em itted  th e  224.6 n m  tin  resonance line. The em ission 
line w as s tro n g  enough to use, only if th e  DHCL w as operated in  th e  flow through 
mode, as  explained in  th e  equipm ent section.
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Even th is  hollow cathode w as fa r  from  satisfactory . The em ission line w as 
r a th e r  w eak an d  unstab le . Fluctuations in  th e  em ission  line  in ten sity  m ade it  
difficult to  keep th e  recorder pen  on scale.
2. AV m ethod
a. Conditions
A flow study, Figure 35, ind icated  th a t  th e  optim um  furnace argon flow ra te  
w as about 60 m L/m in. The effect of atom ization  section w arm -u p  tim e on th e  tin  
signal w as also  studied. Figure 36. It ind icated  th a t  th e  atom ization  section should 
be allowed to  h e a t for 30 s  before th e  vaporization  section w as heated. Other 
conditions a re  listed  in  Table VIII.
b. Results
As can  be seen in  Figure 37, th e  lin earity  of th e  calib ration  curve w as poor 
beyond about 30 n g  of tin . The slope of th e  lin ea r  portion of th e  curve indicated  a  
sensitiv ity  value of about 2500 pg Sn. This w as b e tte r th a n  th e  lite ra tu re  
sensitiv ity  value of 5500 pg Sn [7J.
J . ARSEniC STUDIES
1. Hollow Cathode Lam p
A W estlnghouse sealed  hollow cathode lam p  wa3 used for m ost of th e  arsen ic  
studies.
A few hollow cathodes w ere in itia lly  available for th e  dem ountable HCL, but 
they  w ere old an d  soon ceased to  function. The only a rsen ic  con tain ing  m a te ria ls  
availab le w ere elem ental a rsen ic  powder and  a rsen ic  triaxide. Both of these
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Figure 35
Flow Study Using 50 ng Sn
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Figure 36
Atomization Section Ularm - Up Study 
Using 50 ng Tin
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TABLE VIII
Tupicol In s tru m en ta l Conditions Used for Tin Sludies
W avelength 224.6 nm
DHCL C urrent : > 30mA
DHCL Pressure 0.96torr(128Pa)
m onochrom ator Slit Width 20|lm
Photom ultiplier Tube Voltage 430V
Housing Argon Row Rate 275 m L/m in
Housing m e th an e  Row Rate 4 m L/m in
Furnace Argon Flow Rate : 65 m L/m in
Furnace m e th an e  Flow Rate : 0 m L/m in
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Figure 37
Calibration Curue for  Tin Using the  RU Method
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m a te ria ls  sublim e a t  te m p era tu res  below th e ir  respective m elting  points. Thus, 
they  could no t be m elted  in  a  cathode cup an d  drilled  out, a s  could som e of th e  
a rsen ic  halides, for exam ple.
2. AV m ethod
a. Conditions
A flow study, using  th e  basic m ethod, show n in  Figure 38, indicated  an  
optim um  furnace argon  flow ra te  of about 55 m L/m in. O ther conditions a re  listed  in  
Table IX.
b. Results
i. P reservatives for S tandards
Originally, all of th e  s tan d a rd s  w ere m ade up w ith  3 X sulfuric acid a s  a  
p reservative [77], I t w as soon discovered th a t  th e  sulfuric acid created  a  serious 
background absorp tion  problem . As m uch  as  95 X of th e  HCL rad ia tio n  w as 
absorbed, th rough  m olecular absorption, by a  5 |LL aliquot of 3 X sulfuric acid in  
DDW. Thus, all s ta n d a rd s  m ore dilute th a n  1000 DL/mL As w ere m ade to have 5 X 
hydrochloric acid. Hydrochloric acid h a s  been used by o th e r w orkers to preserve 
a rsen ic  s tan d a rd s  [80], This reduced th e  background problem  considerably.
ii. Sam ple Loss
A signal w as genera ted  a s  soon a s  th e  atom ization  section w as heated, m ost 
of th e  peak rep resen ted  m olecular background absorption, a s  m easured  w ith  th e  
deuterium  lam p, bu t p a r t  of i t  w as due to  th e  volatilization of arsen ic . The 
m a jo rity  of th e  a rsen ic  w as released w hen  th e  vaporization section w as heated. 
This re su lt w as very  s im ila r  to th e  re su lt noted for th e  m ercury  study  using  th e  AV
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Figure 38
Flow Study Using 5 ng As
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TABLE IX
Typical In s tru m en ta l Conditions Used for A rsenic Studies
W avelength 
HCL C urrent
m onochrom ator Slit Width 
Photom ultiplier Tube Voltage 
Housing Argon Row Rate 
Housing m e th an e  Flow Rate 
Furnace Argon Flow Rate 
Furnace m e th an e  Flow Rate
193.7 nm  
16mA 
70 |im  
420 V
325 m L/m in 
0 m L/m in 
55 m L/m in 
0 m L/m in
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m ethod. P a r t of th e  an a ly te  w as lost du ring  th e  atom ization  w arm -u p  process,
iii. Sensitlvltu  and  Precision
The an a ly te  loss m entioned  above contributed  g rea tly  to  a  loss In  sensitiv ity  
an d  poor precision. A rsenic sensitiv ity  w as es tim ated  to  be 256 pg As. This w as 
com pared to  a  lite ra tu re  sensitiv ity  value of 160 pg As.
3. O ther m ethods
a. m ethods
Other m ethods investigated  for use w ith  a rsen ic  included th e  AV m ethod w ith  
th e  CRSD, th e  AV m ethod w ith  reverse  flow m ethod, th e  AV m ethod w ith  reaction  
gas (m e th a n e ). th e  sim ultaneous h ea tin g  m ethod, and  th e  VA trapp ing  m ethod.
b. Results
flone of these  m ethods gave b e tte r re su lts  th a n  did th e  AV m ethod. The AV 
m ethod w ith  th e  CRSD, th e  AV m ethod w ith  reac tion  gas (m ethane) an d  th e  AV 
m ethod w ith  reverse  flow m ethods did no t im prove th e  precision o r sensitiv ity . 
The VA trap p in g  and  sim ultaneous h ea tin g  m ethods provided poorer sensitiv ity .
k . mAGnEsium studies
1. Hollow Cathode Lamp
A com bination m agnesium  /calcium  hollow cathode lam p, m anufactured  by 
th e  Perkin  -  Elmer Corporation, w as used.
2. D eterm ination of m olecular Background Absorption
As w ill be discussed below, i t  w as necessary  to  rem ove th e  cross piece from  
th e  lig h t p a th  of th e  furnace. When th e  cross piece w as rem oved, rad ia tio n  from
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th e  ho t atom ization  section w as allowed to reac h  th e  m onochrom ator. This w as 
no t a  problem  w hen th e  HCL w as used.
The deuterium  lam p, norm ally  used for background determ ination , w as not 
very  in tense  in  th e  region of th e  m agnesium  resonance line (285.2 nm ). I t required  
th a t  th e  voltage to th e  photom ultiplier tube (PmT) be increased  in  order to s e t the  
electronics to  0 % absorption.
Ultraviolet rad ia tio n  com ing from  th e  ho t a tom ization section did no t d irectly  
in terfere  w ith  th e  m easu rem en t of absorption signals, since th e  electronics 
d iscrim inated  ag a in s t all UV rad ia tio n  except th a t  from  th e  m odulated deuterium  
lam p. But th e  com bination of h ig h  in ten s ity  UV rad ia tio n  from  th e  furnace an d  th e  
h igh  PmT voltage caused th e  PII1T to  become "fatigued". The resu lt w as a  g rea t deal 
of electronic noise. The baseline noise som etim es encom passed as  m uch  a s  10 X of 
th e  recorder scale. Clearly, th is  condition m ade th e  m easu rem en t of m olecular 
background absorption difficult.
In order to  avoid th is  problem , a n  off-resonance m agnesium  em ission line 
from  th e  hollow cathode lam p, w as used fear- background de term ination . A 
m agnesium  em ission line (280.3 nm ) n e a r  th e  resonance em ission line (2852 nm ) 
w as chosen. This em ission line w as m uch m ere  in tense  th a n  th e  deuterium  lam p. 
A lower PIUT voltage w as used to e lim inate  th e  PHOT fatigue. The non-resonance 
line could no t be absorbed by m agnesium  atom s (or any  o th e r atom s). Any 
absorption of th e  non-resonance line  w as a  good m easure  of th e  broad band 
m olecular absorption in  th e  spectra l neighborhood of th e  resonance line. The
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difference in  absorption of th e  two em ission lines w as th e  n e t atom ic absorption 
signal.
3. AV m ethod
a. m ethod a n d  Conditions
The AV m ethod described in  th e  m ethods section w as used. The atom ization  
section w as allowed to  h ea t for 10 s before th e  vaporization section w as heated.
A flow study. Figure 39. ind icated  th a t  a  furnace argon  flow r a te  of 50 -  60 
m L /m in w as optim um . O ther conditions a re  listed  in  Table X.
b. Results
i. High Atomic Background
"When th e  atom ization  section w as heated , w ith  no sam ple, a  slow increase  in  
absorp tion  took place. This absorption would increase  to  a  c e rta in  value, level off 
an d  th e n  decrease. The e n tire  cycle could tak e  as  long a s  10 m in . norm ally , i t  
would be suspected th a t  such  a  phenom enon w as caused by som e organic m a te ria l 
volatilizing out of th e  carbon. In th is  case, th a t  w as no t th e  cause.
When th e  deuterium  lam p  w as used, i t  becam e evident th a t  th e  phenom enon 
w as caused by atom ic, no t m olecular, absorption. A pparently, m inu te  am ounts of 
m agnesium , p resen t a s  a n  im purity  in  th e  carbon, w ere vaporizing and  en tering  
th e  lig h t path . Such sm all am oun ts w ere a  problem because of th e  h igh  sensitiv ity  
erf a tom ic absorption for m agnesium .
Because th e  cross piece w as hea ted  to  only about 1200 *C i t  could re ta in  a  
volatile elem ent, such  a s  m agnesium , m uch longer th a n  th e  fu rnace itse lf. For
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Figure 39
Flow Study Using 0.5 pg Mg and the  RU Method
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TABLE X
Tupical In s lru m en ta l Conditions Used for m agnesium  Studies
W avelength
(for background m easurem ent)
DHCL C urrent
m onochrom ator Slit Width 
Photom ultiplier Tube Voltage 
Housing Argon Flow Rate 
Housing m e th an e  Flow Rate 
Furnace Argon Flow R ate -  AV m ethod 
Furnace Argon Flow R ate -
VA Trapping m ethod 
Furnace m e th an e  Flow Rate
285.2 n m
280.3 nm  
12.5 mA 
30|lm  
290 V
275 m L/m in 
10 m L/m in 
55 m L/m in
80 m L/m in 
0 m L/m in
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th is  reason , th e  cross piece w as considered th e  prim ary source of th e  background 
m ag n esiu m .
The atom ic background decreased d ram atica lly  a fte r th e  cross piece w as 
rem oved. It w as la te r  show n th a t  th e  rem oval of th e  cross piece did no t g rea tly  
decrease th e  sensitiv ity  fcr m agnesium .
ii. Sensitivitu
Only one peak resu lted . It occurred w hen  th e  vaporization section w as heated.
The AV m ethod gave a n  estim ated  sensitiv ity  value of 0.6 pg m g, w hich  w as 
no t a s  sensitive as th e  trap p in g  m ethod, discussed below.
4. VA Trapping m ethod '
a. m ethod an d  Conditions
The m ethod used w as essen tially  th e  sam e a s  described in  th e  m ethods 
section. The vaporization  section w as heated  for 15 s  before th e  atom ization  
section w as heated. A flow study. Figure 40. indicated th a t  th e  optim um  furnace 
argon  flow ra te  w as 75 -  85 m L/m in. O ther conditions a re  listed  in  Table X.
b. Results
i. C ontam ination
It becam e a p p a re n t th a t  m agnesium  w as p resen t in  th e  laboratory  
env ironm ent in  r a th e r  h ig h  concentrations, n o  o ther e lem en t studied, showed a 
sign ifican t ‘blank* concen tra tion  in  th e  deionized distilled w ater, m agnesium  w as 
p resen t in  concen trations h ig h  enough to produce 5 -  10 % absorption s ignals  for 5 
|1L sam ple  of DDW.
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Figure 40
Flo hi Study Using the Ufl Trapping Method and 2.5 pg Mg
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Figure 41
Magnesium Absorption Signals from DDtll Stored in 
Four Different Uolumetric Flasks
Flask C
Flask B
Flask D
Flask R
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T i m e
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In  addition, m agnesium  leached out of th e  volum etric g lassw are (if 
m agnesium  concen trations w ere low) o r adsorbed onto th e  g lassw are  (if 
concentrations w ere high). The fo rm er problem  w as m ost severe.
It proved im possible, because of leaching, to  p repare  accurate  s tan d a rd s  far 
a  calib ration  curve. Different volum etric flasks would contribute different am ounts 
of m agnesium  to th e ir  con ten ts. Thus, each  flask h ad  its  own b lank value, w hich  
even varied  aver tim e. This is illu s tra ted  in  Figure 41, w here  DDW stored  far one 
hour in  four different acid  w ashed  volum etric flasks w as analyzed far m agnesium . 
The DDW from  each flask h ad  a  different concen tration  of m agnesium ,
ii. Sensitivitu
To com bat th e  leach ing  problem , a  different m ethod  for m ak ing  a  calib ration  
curve w as devised. A volum etric flask w as filled w ith  DDW an d  allowed to s it  for an  
hour. The ‘b lank’ m agnesium  absorption m easu rem en t w as m ade for a  5 |IL 
aliquot. A 1 ppb Dig s ta n d a rd  w as m ade up in  th e  sam e  flask an d  w as allowed to 
s it  for one hour. Then, 5 |1L, 10 |1L, an d  15 |IL aliquots of th e  s ta n d a rd  w ere placed in  
th e  furnace an d  analyzed. The resu ltin g  s ignals  w ere corrected for th e  blank by 
sub trac tin g  th e  b lank value m ultiplied by a  facto r of 1, 2 o r 3. depending on 
w hether a  5 |lL, 10 |1L( or 15 |1L aliquot of s ta n d a rd  h ad  been used.
Figure 42, show s both  th e  corrected an d  uncorrected  calib ration  curves. The 
blank correction m ethod described w as no t en tire ly  successful because th e  two 
curves did no t have s im ila r  slopes. In  h ind sig h t, i t  would have been m ore accurate  
to m easure  b lank absorp tions for 5 |1L. 10 |lL and  15 pL aliquots of DDW an d  su b trac t 
those values from  th e  s ta n d a rd  absorptions obtained.
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nevertheless, th e  slope of th e  corrected curve gave a  conservative es tim ate  of 
th e  sensitiv ity . The value w as 0.3 pg DOg. This com pared well w ith  th e  sensitiv ity  
ra n g e  of 0.3 -  0.6 pg m g claim ed by a  com m ercial In s tru m en t m an ufac tu rer [77].
iii. Precision
For five aliquots of 5 pg m g, th e  average absorbance value w as 0.0714 A w ith  
14 X re la tive  s ta n d a rd  deviation.
5. m ultip le Trapping m ethod
a. Conditions
Conditions used a re  sum m arized  in  Table X.
b. Results
Calibration curve d a ta  w ere obtained by trap p in g  aliquots to taling  5 |1L, 10 |1L. 
an d  15 |1L of th e  1 ppb m g s tan d ard . The absorbance values obtained w ere corrected 
by su b trac tin g  th e  blank, value for 5 |IL, 10|lL, an d  15 |1L of DDW stored  in  th e  sam e 
flask, a s  described above.
As w as th e  case w ith  th e  VA trap p in g  m ethod, th e  slopes of th e  two curves did 
not agree. Again, th is  ind icated  th a t  th e  b lank correction m ethod w as no t en tirely  
correct.
The slope of th e  corrected curve indicated a  sensitiv ity  value of 0.6 pg m g  for 
th e  m ultip le VA trap p in g  m ethod, s ligh tly  poorer th a n  for th e  sim ple VA trapp ing  
m ethod. This difference w as expected because th e re  w ere m ore opportunities for 
sam ple  loss w h en  th e  trap p in g  w as perform ed in  stages.
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Figure 42
Calibration Curue for  Magnesium 
Using the  UR Trapping Method
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6. Sim ultaneous H eatlna m ethod
a. Conditions
Conditions for m agnesium  a re  listed  in  Table X.
b. Results
The sensitiv ity  for th is  m ethod w as estim ated  to be 0.9 pg mg. This w as a 
factor of th ree  poorer th a n  for th e  AV m ethod.
7. Trapping m ethod w ith  th e  CRSD
a. Conditions 
Conditions used a re  listed  in  Table X.
b. Results
The CRSD adsorbed m agnesium  from  th e  atm osphere. The am oun t adsorbed 
w as la rge  an d  irreproducible. This m ade th e  use  of th e  CRSD im possible outside of a  
laboratory  "clean room". Such facilities w ere no t available.
L. CALCIUm STUDIES
The second furnace design  w as used th ro u g h  out th is  study.
1. Hollow Cathode Lamp
A com m ercial, com bination calcium /m agnesium  hollow cathode lam p  
(Perkin -  Elmer Corporation) w as used.
2. m ethods a n d  Conditions
The AV m ethod an d  th e  VA trap p in g  m ethod, described in  th e  m ethods 
section, w ere used. Typical in s tru m e n t p a ram e te rs  for calcium  a re  listed  in  
Table XI.
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3. Results and  Discussion
The VA trap p in g  m ethod resu lted  in  no ap p a re n t atom ic absorption signal for 
5 n g  of calcium . Several fu rnace  argon flow ra te s  w ere investigated  w ith  identical 
resu lts.
When th e  AV m ethod w as investigated , using  5 ng  of calcium , a  very  broad 
peak (about 60 s wide a t  th e  base) resu lted . Figure 43 illu s tra tes  th e  wide 
absorption peaks, w hich w ere obtained a t  several different furnace argon  flow 
ra te s . Based on peak he igh t, a n  es tim ated  sensitiv ity  value for calcium  w as 300 pg 
Ca. This com pared r a th e r  poorly w ith  th e  lite ra tu re  sensitiv ity  value of 3.1 pg Ca 
[7].
Calcium is one of th e  m ost easily  atom ized elem ents studied, a s  indicated by 
th e  low lite ra tu re  sensitiv ity  value. U nfortunately, i t  also form s a  stab le  carbide 
w hen  heated  in  th e  presence of carbon 1153], The calcium  atom s, form ed in  the  
vaporization cham ber, probably reac ted  w ith  th e  ho t carbon to form  calcium  
carbide. Since calcium  carbide h a s  a n  extrem ely h igh  boiling point (m elting point 
is > 2000 *C [81] ), a  re la tive ly  long period of tim e  w as requ ired  for i t  to vaporized 
com pletely from  th e  furnace, w h ich  h ad  a  tem p era tu re  of about 2500 *C.
A nother possible explanation of th e  peak broadening involved a  dynam ic 
equilibrium  betw een calcium  atom s and  calcium  carbide. Calcium atom s in  th e  
vapor phase constan tly  form ed calcium  carbide, w hich  h ad  a  low vapor pressure 
an d  w as adsorbed to th e  carbon. The calcium  carbide w as decomposed by th e  ho t 
carbon, re leasin g  calcium  atom s, w h ich  began th e  cycle again . Such a
TABLE XI
Tupicql In s tru m en ta l Conditions Used for Calcium Studu
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W avelength 
HCL C urrent
m onochrom ator Slit Width 
Photom ultiplier Tube Voltage 
Housing Argon Row Rate 
Housing m e th an e  Flow Rate 
Furnace Argon Flow Rate 
Furnace m e th an e  Flow Rate
242.7 nm  
13mA 
20 Jim 
310 V
275 m L/m in 
9 m L/m in 
64 m L/m in 
0 m L/m in
Figure 43
Typical Rbsorption Signals for  5 ng Calcium
130
R
b
s
0  
r
P
t
1
0
n
5 min
T i m e
131
pseudo-chrom atographic process would explain th e  calcium  re ten tio n  by th e  
furnace.
m . z in c  study
It w as found th a t  th e  carbon, from  w hich th e  fu rnace w as m achined , w as too 
con tam ina ted  w ith  zinc to  be used. When the  fu rnace w as heated , th e  zinc 
resonance line w as a lm ost to tally  absorbed. Even h ea tin g  th e  carbon furnace for 
a n  hour or longer did n o t rem ove th e  zinc and  reduce th e  absorption to an  
acceptable level.
The reasons for th is  re su lt , included th e  h igh  sensitiv ity  for zinc by atom ic 
absorption and  th e  h igh  levels of zinc in  th e  carbon.
n . sE i.Eniuin stu d ies
1. Problem s w ith  th e  Demountable Hollow Cathode Lamp
Selenium proved to be an  especially difficult e lem ent from  w hich  to m ake an  
operable hollow cathode. The e lem ent w as b rittle , difficult to  m ach ine  and , m ost 
im portan tly , non-conductive.
A selenium  hollow cathode w as m ade by m elting  selenium  powder in  a  b rass  
cathode cup. When th e  cathode h ad  cooled, i t  w as m ounted on a  la th e  and  carefully 
drilled out. Care h ad  to be tak en  to avoid sh a tte rin g  th e  fused selenium . The inside 
d iam ete r w as critica l, though difficult to  control because of th e  m a te ria l's  
b rittleness. If th e  coating of selenium  inside th e  cathode cup w as too thick, the  
res is tan ce  w as too g rea t to allow cu rren t to flow th rough  th e  lam p. If th e  coating
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w as too th in , th e  volatile selenium  w as quickly lost an d  a  new  cathode h ad  to  be 
m ade.
Getting th e  selenium  hollow cathode to  fire , once inside th e  lam p, w as also 
problem atic. Best re su lts  w ere  obtained w hen  th e  lam p  w as evacuated to  about 0.01 
to rr  (1.3 Pa) for 10 -  14 hours. At th is  po in t, th e  lam p  usually  would no t fire. The 
polarity  w as reversed  an d  th e  lam p  w as fired "anodically". This w as easie r to 
accom plish because th e  d ischarge w as th e n  centered on th e  s ta in less  steel anode, 
r a th e r  th a n  th e  nonconducting selenium . After th e  lam p  w as fired 5 - 1 0  m in. , 
w ith  th e  polarity  reversed , th e  lam p  polarity  w as re tu rn ed  to norm al. Usually, 
th e  lam p  would th e n  fire in  th e  correct m an n er.
The fact th a t  a  cathode could be m ade to  fire w as no assu ran ce  th a t  i t  could be 
used. Out of th re e  or four apparen tly  identical cathodes, usually , only one would 
exhibit th e  selenium  em ission  lines, m an y  cathodes would exhibit only broad 
em ission bands r a th e r  th a n  th e  narrow  selenium  atom ic em ission lines.
An a tte m p t w as m ade to  use th e  DHCL in  th e  flow th rough  mode, a s  discussed 
in  th e  equipm ent section. The a tte m p t only decreased th e  in ten s ity  of th e  atom ic 
em ission lines.
At th e  end of each  w orking day, th e  DHCL h ad  to be disassem bled. Selenium 
oxide, w hich  h ad  built up du ring  th e  day, w as rin sed  out of th e  cathode cup w ith  
DDW. The w a te r  caused th e  form ation  of elem ental red  selenium , ind icating  th e  
reduction of th e  selenium  oxide. To r id  th e  cathode cup of w a te r, i t  w as rin sed  w ith  
absolute ethanol. The cathode cup w as re tu rn e d  to  th e  DHCL an d  placed under 
reduced p ressu re  over n igh t.
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These cathodes w ere very  tem p eram en ta l, unstab le , (due to selenium  oxide 
form ation) an d  sh o rt lived.
2. Effect of Selenium P lating  onto th e  Surinae needle
Over a  period of tim e, th e  s ta in less  steel sy ringe needle becam e coated w ith  a  
layer of selenium . The selen ium  w as. a p p a re n tly . p la tin g  onto th e  needle from  th e  
s ta n d a rd  solutions used.
This process a lm ost certa in ly  had  a n  adverse effect on th e  precision and  
accuracy of th e  technique for several reasons. When selenium  p la ted  out of th e  
s tan d a rd  solutions, th e n  w ith  tim e, th e  s ta n d a rd s  would no longer have th e  
proper concen tration  of selenium . Also, som e of th e  selenium  w hich  h ad  plated  on 
th e  needle w as probably scraped  off th e  needle an d  onto th e  Inside of th e  
vaporization section, w h en  th e  sam ple w as deposited. This resu lted  in  
irreproduclbly elevated selenium  signals. Thus, possibilities existed for sam ple 
con tam ination  an d  sam ple  loss.
When th e  im portance of th is  phenom enon w as realized, th e  use  of th e  sy ringe 
w as halted , m ethods involving th e  CRSD w ere used. The CRSD w as loaded w ith  
sam ple from  a  m icro liter p ipet fitted  w ith  p lastic  p ipet tips to  avoid th e  selenium  
p la ting  problem .
3. AV m ethod w ith  th e  CRSD
a. m ethod a n d  Conditions
The AV m ethod described in  th e  m ethods section w as used. The atom ization  
section h ea ting  tim e  w as 15 s , in s tead  of 30 s. The CRSD w as used to  place 3 |1L of 
sam ple in  th e  vaporization  section. Typical conditions used a re  listed  in  Table Xll.
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b. Results
This m ethod gave a n  e s tim ated  sensitiv ity  of 600 pg Se. This w as less sensitive 
th a t  th e  trap p in g  m ethod, discussed below.
4. VA Trapping m ethod w ith  th e  CRSD
a. Conditions
A flow study. Figure 44. ind icated  th a t  th e  optim um  furnace argon  flow ra te  
w as about 30 m L /m in . O ther in s tru m e n t operating  p a ram ete rs  a re  listed in  Table 
XII.
b. Results
A calib ra tion  curve is show n in  Figure 45. Using th e  lin ear p a r t  of th e  curve, 
th e  slope indicated  a  sen sitiv ity  value of 300 pg Se. This value w as n o t m uch worse 
th a n  lite ra tu re  sensitiv ity  value of 100 pg Se [73].
It should be noted th a t  pyrolysis decreased th e  sensitiv ity  for selenium . The 
reason  for th is  m ay  have been th a t  th e  surface a re a  in  th e  atom ization  section w as 
decreased, w hich  decreased th e  trap p in g  efficiency.
5. C onstant T em perature m ethod
a. Conditions
O perating conditions a re  sum m arized  in  Table XII.
b. Results an d  Discussion
The ca lib ra tion  curve obtained is  show n in  Figure 46. From th e  lin ea r portion 
of th e  curve, (the low est th re e  points) th e  slope indicated  a  sensitiv ity  value of 300 
pg Se. This value w as exactly th e  sam e a s  for th e  trapp ing  m ethod. The two 
explanations for th is  w ere, th a t  th e  co n stan t tem pera tu re  atom ization  m ethod did
TABLE XII
Tupical In s tru m en ta l Conditions Used for Selenium Studies
W avelength 196.1 n m
DHCL C urrent 20 mA
DHCL Pressure 1 to rr  (133 Pa)
m onochrom ator Slit W idth 50|lm
Photom ultiplier Tube Voltage 380
Housing Argon Flow Rate 350 m L /m in
Housing m e th an e  Flow Rate 0 m L /m in
Furnace Argon Flow Rate 30 m L/m in
Furnace m e th an e  Flow Rate 0 m L/m in
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Figure 44
Flow Study Using 50 ng Se and the  UR Method with the CRSD
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Figure 45
Calibration Curue for  Selenium 
Using the  Ua Trapping Method with the  CRSD
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no t w ork a s  p lanned, or th a t  no sam ple  loss occurred w ith  th e  VA trap p in g  
m ethod.
After review ing th e  d a ta , i t  w as concluded th a t  th e  sam ple loss in itia lly  noted 
for selenium  h ad  been elim inated  th ro u g h  th e  careful control of th e  operating  
p aram ete rs . Therefore, th e  tw o m ethods should have obtained th e  sam e 
sensitiv ity  values. Such a  re su lt ind icated  th a t  each m ethod w as operating  w ith  
very  h igh  efficiency.
However, th e  precision for th e  co n stan t tem p era tu re  atom ization  m ethod w as 
r a th e r  poor, com pared to  o ther CRSD m ethods. From e ig h t tr ia ls  using 3 n g  of 
selenium , th e  re la tive  s ta n d a rd  deviation w as 17 X. Iflost of th e  o th e r CRSD 
techniques h ad  re la tiv e  s ta n d a rd  deviations of about 10 X or less.
It w as noticed th a t  th e  peak h e ig h t for a  ce rta in  m ass  of ana ly te  depended on 
how fa s t th e  CRSD w as pushed in to  th e  ho t furnace. The fa s te r  th e  CRSD w as 
pushed in , th e  h ig h e r th e  peak w as. This w as a lm o st certa in ly  caused by the 
difference in  h ea tin g  r a te  experienced by th e  sam ple, w hich  depended on how fas t 
i t  en tered  th e  furnace. If a n  au tom atic  device h ad  been available to push  th e  CRSD 
in to  th e  furnace a t  a  reproducible speed, th e  precision could have been im proved. 
Such a  device w as reported  to  have im proved th e  operation of a  g rap h ite  probe 
atom ization  system  [331.
The g raph ite  or carbon  probe h a s  been reported  by several au th o rs  in  
connection w ith  carbon fu rnace a tom ic absorption [29 -  35] and  atom ic em ission 
[35,36]. The CRSD and  th e  g rap h ite  probes w ere s im ila r in  construction  an d  use.
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Figure 46
Calibration Curue for Selenium 
Using Constant Temperature  Btomization
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A sam ple w as placed on th e  g rap h ite  probe. The sam ple  w as dried, and  
charred , (if necessary), usually  outside of th e  atom izer. Then th e  probe w as 
plunged in to  th e  ho t H lassm an-type furnace, w here atom ization  and  absorption 
took place. The m ost im p o rtan t difference betw een th e  tw o m ethods w as th a t,  for 
th e  Illassm an-type  fu rnace an d  th e  g rap h ite  probe, th e  atom ization  process took 
place in  th e  optical lig h t p a th  of th e  in s tru m en t. Thus, th e  sam ples h ad  to be dried 
and  ashed  before they  w ere in serted  in to  th e  ho t furnace. For exam ple, if an  
aqueous sam ple w ere th ru s t  in to  th e  hot furnace, th e  s team  genera ted  would 
com pletely absorb  th e  hollow cathode rad ia tion . Tlo atom ic absorption could be 
m easured  and  th e  analy tical signal would be lost. This w as no t th e  case w ith  the 
CRSD and  th e  double s tag e  furnace. As Figure 47 clearly  illu s tra tes , a n  aqueous 
sam ple, in serted  in to  th e  double s tag e  furnace (already heated), gave a  large 
absorption signal w hile only a  sm all p a r t  of i t  rep resen ted  m olecular background 
absorption. Reduced background absorption w as one of th e  advan tages of 
atom ization  of th e  sam ple outside of th e  lig h t pa th , as  in  th e  double s tage  furnace.
6. m ultip le VA Trapping m ethod an d  VA Trapping m ethod w ith  m ultip le 
Sam ple Druina on th e  CRSD
a. Conditions
Typical conditions used a re  listed  in  Table XII.
b. Results
For both  cases, th e  two-fold d ry ing  or trap p in g  process increased th e  signal 
by 80 -  90 S. This w as s im ila r  to  th e  re su lts  obtained for m agnesium . When th e  
three-fo ld  dry ing  or trap p in g  process w as a ttem p ted , only a  negligible increase
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Figure 47
Absorption Traces from 15 ng Selenium 
Using th e  Constant Temperature  Method
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w as noted. Thus, these  tw o m ethods w ere used to increase th e  selenium  signal bg 
about two-fold, bu t no t m uch  m ore.
7. O ther m ethods
a. m ethods and  Conditions
The sim ultaneous h ea tin g  m ethod w ith  the  CRSD w as used. The reac tion  gases, 
m e th an e  and  w a te r vapor, w ere used w ith  th e  VA trapp ing  m ethod. Conditions 
used a re  listed  in  Table XII.
b. Results
The sim ultaneous h ea tin g  m ethod gave sm all atom ic absorption signals 
com pared to  th e  trap p in g  m ethods. The es tim ated  sensitiv ity  value w as 500 pg Se.
The use of m e th an e  a n d  w a te r  vapor did no t im prove th e  sensitiv ity  for 
selenium  by th e  trap p in g  m ethod.
0. SPECIATIOn STUDIES
1. Introduction
The speciation of a  m e ta l is som etim es ju s t a s  im p o rtan t as  its  quan tita tion . 
The double s tag e  fu rnace w as orig inally  designed specifically for speciation.
In  order to show th a t  th e  speciation capabilities had  not been adversely 
affected by th e  new  furnace designs, som e speciation work w as perform ed. Lead 
w as chosen far th is  work because of th e  large am oun t of d a ta  obtained w ith  earlie r 
designs [45,46,59,69], w hich  could be used for com parison.
The second fu rnace design  w as used throughout th e  speciation studies.
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2. m ethods an d  Conditions 
The m icro liter sy ringe  w as used to  deposit 2 -  5 |1L of sam ple in  th e  
vaporization section. After th e  argon  supply hose w as rea ttach ed , th e  atom ization  
section w as heated  to  its  m axim um  tem p era tu re  for 30 s. Then th e  tem pera tu re  of 
th e  vaporization section w as slowly increased.
As th e  tem p era tu re  increased  to  n e a r  th e  boiling point of a  ce rta in  compound, 
th a t  compound would vaporize, leaving behind all of th e  o ther compounds th a t  had  
h igher boiling points. In th is  w ay, a  separa tion  w as accom plished by differences 
in  boiling points. The gaseous compound w as sw ept, by th e  argon  flow, th rough  
th e  atom ization  section and  in to  th e  lig h t p a th , w here th e  atom ic absorption 
m easu rem en t w as m ade.
The vaporization section h ea tin g  p rogram  w as accom plished m anually . As 
explained in  th e  equ ipm ent section, th e  voltage (and thus cu rren t) going to the  
vaporization section w as controlled by tw o ganged au to  tran sfo rm ers  (Variac). To 
im plem en t a  tem p era tu re  program , th e  V ariac se ttin g  w as increased  by a  ce rta in  
am oun t a t  selected in terva ls . For exam ple, one tem pera tu re  program  increased  
th e  voltage from  0 to 130 V by 5 V in te rv a ls  every 5 s. This gave a  n e t h ea tin g  r a te  
of about 1250 *C/min. Rates of 250 *C/min to 5000 *C/min w ere investigated . The 
1250 *C/min r a te  w as one of th e  m ere  com m on h ea tin g  ra te s  used.
Since different tem p era tu re  p rogram s w ere used a t  different tim es, the  
in s tru m e n t re su lts  (called therm ogram s), illu s tra ted  in  th e  figures in  th is  section, 
differed som ew hat, even for th e  sam e sam ple. The the rm o g ram s differed in  w id th  
(time) from  beginning to end. Also, "spikes" appeared in  som e therm ogram s.
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When th e  in te rv a l betw een voltage se ttin g s  w as too large, th e  tem p era tu re  of th e  
vaporization section would increase  in  steps , r a th e r  th a n  a s  a  sm ooth increase, 
a s  desired. As th e  tem p era tu re  increased  quickly, m a te ria l vaporized m ore 
quickly, u n til th e  tem p era tu re  stabilized. The re su lt w as a  se t of spikes r a th e r  
th a n  th e  sm ooth curve w hich  indicated  sm ooth h ea tin g  and  vaporization.
It is im p o rtan t to  no te  th a t  in  th ese  tem p era tu re  p rogram s, i t  w as th e  
voltage w hch  increased  linearly  w ith  tim e, no t tem peratu re . At low tem pera tu res, 
th e  tem p era tu re  of th e  carbon changed only sligh tly  w ith  a n  increase in  voltage. 
At h igh  tem pera tu res, th e  carbon tem p era tu re  increased a  g rea t deal w ith  a  sm all 
increase in  voltage. Because of th is , th e  tem p era tu re  increased  slowly a t  th e  
beginning of th e  tem p era tu re  p rogram  an d  it  increased  quickly a t  th e  end. The 
electronic equipm ent needed to s e t up  a  tru e , tem peratu re-based  program  w as no t 
read ily  available. Thus, th e  voltage- based program s described above, w ere used.
A flow study w as perform ed w h ich  indicated  th a t  a  furnace argon  flow r a te  of 
about 10 m L /m in gave th e  best sensitiv ity . However, i t  also  indicated  th a t  a  flow 
r a te  of about 120 m L /m in resu lted  in  th e  sm alles t am oun t of m olecular background 
absorption. The 120 m L /m in  flow r a te  w as used.
All of th e  o th e r in s tru m e n t p a ram e te rs  w ere s im ila r to those in  Table IV.
3. Results for Lead n itra te  and  Lead Chloride 
The lead n it ra te  th e rm o g ram  exhibited one peak a t  about 1500 *C (Figure 48). 
This peak w as no t th e  re su lt of th e  vaporization of lead n itra te , however. Lead 
n itra te  decomposed a t  about 400 *C to  lead monoxide. The lead monoxide th en  
vaporized a t  1500 *C to  give th e  peak seen in  th e  therm ogram .
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Lead chloride exhibited two peaks a t  about 300 *C and  about 1500 *C. The f irs t 
peak rep resen ted  th e  vaporization  of lead chloride. The tem p era tu re  of th e  second 
peak corresponded to  th a t  of lead monoxide, w hich  indicated th a t  th a t  specie had  
vaporized. The exact m echan ism  for th e  conversion of lead chloride to lead 
monoxide is no t known. In solution, lead is ionic an d  hydrated . I t h a s  been 
suggested th a t  th e  d ry ing  process converts a  la rge  am ount of th e  hydrated  lead to 
lead monoxide [45].
The re su lts  presented  h ere  agree well w ith  previous w orkers re su lts  [45].
4. Effects of Added Halides on th e  Lead n itra te  Therm ogram
a. Iodide an d  Bromide
Solutions w ere m ade up  w ith  100 |lg Pb/mL (as the  n itra te )  and  100 |lg iodide or 
brom ide/m L (as th e  potassium  or sodium  sa lt, respectively).
The th e rm o g ram s of th e se  solutions closely resem bled th a t  erf lead chloride, 
as  seen in  Pigure 49. This indicated  th a t  th e  lead halide w as form ed w hen  th e  
solution w as dried  in  th e  furnace, as  would be expected.
Increasing  th e  am o u n t of halide to  500 |lg/mL did no t increase  th e  size of the  
f irs t  peak re la tive  to th e  second peak, however.
b. Chloride
1. As Hudrochloric Acid
Solutions of 100 |ig Pb/mL (as th e  n itra te ) w ere m ade u p  w ith  approxim ately 
500, 1000, an d  5000 |lgHCl/mL.
A typical th e rm o g ram  is show n in  Figure 50. It w as very  s im ila r  to th a t  
obtained for lead chloride. Increased am ounts of hydrochloric acid h ad  no
Figure 18
Absorption Traces for  Lead Chloride and Lead Nitrate
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noticeable effect on re la tive  peak heigh ts.
ii. As Sodium Chloride
Solutions of 100 Jig Pb/mL (as th e  n itra te ) w ere m ade u p  w ith  100, 500, 1000, 
5000 Jig chloride/m L (as th e  sodium salt).
Resulting th e rm o g ram s a re  show n in  Figure 51. Onlg a  verg  sm all chloride 
peak w as seen a t  h ig h  chloride concentrations. It w as ab sen t a t  lower chloride 
concen tra tions.
A verg  sh a rp  peak w as p resen t a t  a  verg  low tem pera tu re  in  th e  the rm ogram  
for th e  5000 Jig chloride/m L sam ple. I t w as suspected th a t  w ater, trapped  in  th e  
m atrix , explosively forced p a r t  of th e  solid in to  th e  argon  s tream . Thus, th is  peak 
w as probably due to  th e  fine powder passing  th ro u g h  th e  atom izer, r a th e r  th a n  a  
vaporized lead compound.
5. Effects of Furnace Aae and  Purolusis
I t w as noticed th a t  a s  th e  fu rnace aged, th e  separa tion  betw een th e  halide 
an d  oxide peaks deteriorated . The peaks broadened also, m ak ing  peak 
d ifferen tiation  difficult, if no t im possible. As show n in  Figure 52, th e  th e rm o g ram  
for 100 Jig Pb /mL an d  500 Jig iodide/mL w as im proved considerably a fte r th e  
furnace w as pyrolyzed for 30 m in . This indicated  th a t  th e  porosity of th e  in te rio r 
surface of th e  vaporization section w as of critica l im portance for reproducible 
resu lts .
6. Sum m aru
This, r a th e r  cursory , study ind icated  th a t  th e  new  furnace design h ad  not 
h indered  th e  speciation ab ility  of th e  double s tage  furnace. As noted above, the
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Figure 19
Absorption Traces fo r  100 jig/mL Pb uiith 
Added Bromide and Iodide
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Figure 50
Absorption Traces of Lead (as Nitrate) with Various 
Amounts of Added Hydrochloric Acid
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Figure 51
Absorption Traces for  100pig/mL Pb with Uarious 
Amounts of  Added Chloride
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re su lts  obtained com pared favorably w ith  previously reported resu lts  [45].
The study  re su lts  em phasized th e  need to  use  a  non-porous m a te ria l for th e  
fu rnace if speciation work, w as to  be perform ed. Therm ogram s, even for th e  sam e 
sam ple, w ere n o t en tire ly  reproducible, a s  illu stra ted  in  Figure 53. This w as 
because th e  n a tu re  and  porosity of th e  carbon surface w as constan tly  changing.
Study re su lts  also indicated  th a t  a  fo rm er explanation for th e  form ation  of 
lead monoxide from  a  solution of lead chloride [45] w as probably incorrect. The 
asse rtio n  w as th a t  lead is  ionic an d  hyd ra ted  in  solution. When th e  solution w as 
dried, m ostly  hyd ra ted  lead  ions along w ith  som e lead chloride w as deposited on 
th e  furnace w alls. Upon h ea tin g , th e  hyd ra ted  lead decomposed to  lead oxide. If 
th is  theory  w ere  correct, th e n  added chloride should have forced, by m ass  action, 
th e  form ation  of a  la rg e r fraction  of lead chloride. However, added chloride had  no 
effect on th e  lead th e rm o g ram s, ind icating  no change in  th e  system .
An a lte rn a te  explanation m ig h t be th a t ,  on heating , m ost of th e  lead chloride 
decomposed d irectly  to  lead monoxide. A re la ted  explanation w as th a t  on m elting , 
a t  550 *C, p a r t  of th e  lead chloride w as vaporized, bu t m ost of i t  decomposed. 
Elem ental lead released  during  decom position scavenged th e  w arm  furnace 
env ironm ent for th e  trac es  of oxygen p resen t. Lead monoxide w as produced. A 
trac e  concen tra tion  of about 10 ppm  oxygen in  th e  argon, used over a  period of 15 s. 
converted all of th e  lead p re sen t to  lead monoxide. Such low levels of oxygen w ere 
very  difficult to elim inate . To support th is  explanation, lead chloride w as heated  
above its  m elting  point in  a  muffle furnace. After 30 - 40 m in ., m uch  of th e  w h ite  
lead chloride h ad  been converted to  yellow lead monoxide.
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Figure 52
Absorption Traces of a Solution of  Lead and Iodide 
Before and After Pyrolysis of  the  Furnace
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Figure 53
Three Consecutive Absorption Traces of a 
Solution of  PbCI and HCI
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iv. c o n c m s io n
A. EVALUATIOn OF IDETHODS
Table XIII sum m arizes w hich  techniques w ere vised w ith  w hich  elem ents. It 
ind icates th e  preferred m ethod and  th e  sensitiv ity  obtained. The o ther im p o rtan t 
m ethods used a re  also indicated.
1. AfhotlV m ethod
The orig inal m ethod, as  described in  th e  discussions of th e  lead and  copper 
studies, w as unsuccessful. Heat, conducted from  th e  atom ization section caused 
an a ly te  loss w hen sam ple w as placed in  th e  vaporization section.
2. AV m ethod
The AV m ethod w as th e  m ost consisten tly  successful m ethod investigated. For 
five of th e  n ine  elem ents, for w hich  d a ta  w ere obtained, th e  AV m ethod (including 
CRSD use) provided th e  b es t sensitiv ities.
3. VA Trapping m ethod
The trap p in g  m ethod proved to be th e  best for only two elem ents, m agnesium  
and  selenium . O ther e lem ents investigated  probably w ere too volatile to tra p  or 
w ere no t released  efficiently w hen  th e  atom ization  section w as heated. The la tte r  
problem  w as caused by th e  uneven  h ea tin g  of th e  atom ization  section. Since th e  
cen ter of th e  atom ization  section heated  m ore quickly th a n  did th e  ends, ana ly te  
trapped  a t  th e  cen te r w as vaporized firs t. As th e  tem p era tu re  of th e  ends of the  
section heated , m ore an a ly te  w as  vaporized. This caused th e  absorption s ignals  to 
be broadened an d  consequently shortened . The ap p aren t sensitiv ity  w as decreased.
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Only those elem ents w hich  w ere vaporized a t  low tem peratu res, such as 
m agnesium  an d  selenium , w ere  quickly an d  efficiently released from  th e  
atom ization  section.
This m ethod w as s im ila r, in  principle, to  a  flam e atom ic absorption m ethod, 
reported  by Khalighie, Ure an d  West [82 -  85]. With th is  m ethod, th e  an aly te  w as 
trapped and  concen trated  on a  w a te r  cooled len g th  of tubing  held in  th e  flam e. 
When th e  w a te r  cooling w as discontinued, th e  concentrated  analy te  w as vaporized 
in to  th e  flam e w here  th e  absorp tion  m easu rem en t w as m ade.
The trap p in g  m ethod  w as even m ore closely re la ted  to  th e  use of second 
surface atom ization  [27] an d  th e  L'vov platform  [20 -  25]. These m ethods w ere 
discussed in  th e  general in troduction.
4. AV Ihethod w ith  Reverse Flow
This m ethod, a s  described in  th e  discussion of th e  copper studies, w as the 
m ost sensitive m ethod for copper. Its  efficiency w as never understood, however. 
The m ethod did no t im prove th e  sensitiv ities  for a rsen ic  or nickel.
5. Sim ultaneous Heating Hlethod
This m ethod w as n o t successful for an y  of th e  four elem ents w ith  w hich it  
w as used. The problem arose from  th e  rap id ly  expanding gases in  th e  hea ting  
vaporization an d  atom ization  sections, w hich  in terfered  w ith  th e  no rm al argon 
gas flow th rough  th e  furnace.
6. VA m ethod
The VA m ethod, w hich  w as used only for th e  m ercury  studies, w as 
procedurally th e  sam e a s  th e  trap p in g  m ethod. This m ethod, w hen used w ith  the
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CRSD, provided th e  best sensitiv ity  for m ercury .
7. m ultip le VA Trapping m ethod an d  Hlethod modification bu m ultip le 
Sample Druina on th e  CRSD 
The purpose of th e  m ultip le VA trapp ing  m ethod and  th e  m ethod m odification 
by m ultip le sam ple d ry ing  on th e  CRSD w as to concen trate  th e  sam ple. I t w as 
successful. By concen tra ting  tw o aliquots together, th e  concentration  sensitiv ity  
value w as im proved by 80 -  100 X, as  expected. The absolute sensitiv ity  value w as 
unchanged, of course.
These re su lts  w ere no t su rprising . S im ilar m ethods have been reported  for 
com m ercial in s tru m en ts  [66].
6. CRSD m ethods
The various CRSD m ethods im proved, a t  le a s t slightly , th e  sensitiv ity  values 
for th ree  of th e  elem ents studied.
m o st im portan tly , th e  precision increased  d ram atica lly  w hen  th e  CRSD w as 
used, even w hen  th e  sam e h ea tin g  m ethod w as used. Using th e  sam e h ea tin g  
m ethod, th e  precision for lead, selenium  an d  m ercury  increased  from  22 X, 14 X 
and  34 X re la tive  s ta n d a rd  deviation to 8.7 X, 6.6 X and  9.9X re la tive  s tan d a rd  
deviation, respectively.
9. C onstant Tem perature m ethod 
The d a ta  concerning th e  co n stan t tem p era tu re  m ethod, used far selenium , 
w ere no t as conclusive as  w as hoped. This m ethod had  no b e tte r sensitiv ity  th a n  
did th e  CRSD/trapping m ethod  for selenium . As discussed, th is  probably indicated  
th a t  bo th  m ethods h ad  h ig h  efficiency.
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TABLE XIII
Selected m ethods an d  Sensitivitu Values for Elem ents Investigated
( in  pg/0.0044 A )
m ethod As Ca Cu Hg m g Di Se Sn
A(hot)V -
AV 260' 300’ - - 0.6 300 - 2500'
AV w ith  reverse  flow 600 150' 300
AV(warm)V(hot) 350
VA trapp ing 1100 -  900 O.V 600
AV w ith  reac tion  gases (m ethane) 300 300
(w ater vapor) 300
VA 600
sim ultaneous h ea tin g 280 800 0.9
m ultip le VA trapp ing 0.6
AV w ith  m a trix  m odification 200
VA m a trix  modification 100
VA trap p in g  w ith  rev erse  flow 1000
m ethods w ith  th e  CRSD
AV 350 200' 600 60'
VA 220'
VA trapp ing  ~ 300’
co n stan t tem p era tu re  300
m ultiple sam ple d ry ing  60
m ultiple VA trap p in g  300
sim ultaneous h ea tin g  500
VA trap p in g  w ith  reac tion  gases
(m ethane) 300
(w ater vapor) 300
* ind icates th a t  th is  is  th e  preferred m ethod for th is  elem ent.
indicates th a t  no useful d a ta  for th is  elem ent w as obtained th rough  th e  use of 
th is  m ethod.
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The m ethod h ad  a  few problem s, however. Poor precision resu lted  from  a  
dependency on th e  speed a t  w hich  th e  CRSD w as in serted  in to  th e  furnace. The 
fa s te r  th e  in sertion  w as m ade, th e  sh a rp e r  and  h ig h e r the  peak w as. A nother 
problem  w as th e  frag ility  of th e  CRSD's used. These w ere longer th a n  th e  norm al 
CRSD's and  w ere easily broken w hen  hurried ly  in se rted  in to  th e  furnace.
10. Reaction Gases
W ater vapor and  m e th an e  w ere used as  reac tion  gases w ith  th ree  of the  
elem ents investigated . These gases provided a  b e tte r  reducing  atm osphere  inside 
th e  fu rnace an d  should have  increased  th e  atom ization  efficiency and  sensitiv ity . 
However, th e  gases n e ith e r  h u r t  no r helped th e  sensitiv ities for those elem ents 
investigated .
The failure of th e  w a te r  vapor m ig h t be traced  to th e  inefficient w a te r sparger 
used, w hich  did no t adequately s a tu ra te  th e  argon  w ith  w a te r vapor.
11. Speciation
th e  new  furnace design did no t adversely affect th e  speciation capability  of 
th e  double s tage  furnace.
B. SEnSITlVlTY
Sensitivity  d a ta  a re  sum m arized  in  Table XIV. The d a ta  presented  in  th e  table 
a re  from  th e  m ost sensitive  m ethods investigated  in  th is  w ork, excluding d a ta  
collected w ith  th e  use  of m a trix  modifiers. Reference sensitiv ity  values a re  show n 
for com parison purposes. These d a ta  w ere  tak en  from  w ork th a t  d id no t use m a trix  
m odifiers or o ther sam ple  p re trea tm en t.
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For m ost of th e  e lem ents investigated , th e  sensitiv ity  values obtained w ere 
com parable to th e  reference values, no t dev iating  by m ore th a n  two o r th ree  fold. 
However, for calcium  and  m ercury , th e  differences in  sensitiv ity  w ere m uch m ore 
significant. The sen sitiv ity  for calcium  w as two orders of m agnitude poorer th a n  
th e  reference value. As noted before, calcium  form ed a  stab le  carbide. Since th e  
carbide w as probably only slowly vaporized a t  th e  furnace tem peratu res available, 
i t  caused th e  absorption peak to be broadened excessively. The use of a  m etal 
furnace would e lim inate  carbide form ation  and  increase  th e  calcium  sensitiv ity  
m arkedly.
For m ercury , th e  sen sitiv ity  value for m ercury  w as nearly  two orders of 
m agnitude b e tte r  th a n  th e  reference value. As w as show n in  th e  discussion on the  
m ercury  studies, th e  elem en t would vaporize a t  very  low tem peratu res or, in  the  
case of a  new  carbon surface, w ithou t h ea tin g  a t  all. Thus, m uch of th e  m ercury  is 
lost in  a  com m m ercial in s tru m e n t du ring  th e  d ry ing  and  ash ing  steps.
C. FURflACE LfFETimE
The average carbon fu rnace, operating  un d er ideal conditions, would la s t  a n  
average of 150 h ea tin g  cycles. Under extrem e conditions, however, furnace 
lifetim e would be reduced to  only 3 0 -5 0  h ea tin g  cycles.
The w eakest p a r t  of th e  furnace w as w here  th e  carbon w as in itia lly  th e  
th in n es t. This w as w here  th e  lig h t p a th  cu t th rough  th e  atom ization  section. The 
carbon d irectly  above an d  below th e  hole form ed by th e  lig h t p a th  w as only 0.06 in. 
(1.5 m m ) thick.
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Since th is  section of carbon w as th e  th in n es t, i t  also w as heated th e  m ost, 
because of th e  h igh  electrical resis tance . As a  resu lt, th is  section of carbon 
deterio rated  fa s te r  th a n  th e  r e s t  of th e  furnace. In addition, any  vibration  caused 
by w a te r boiling, in  th e  n earb y  electrode, encouraged deterioration of th is  section 
of carbon. The lifetim e of th e  carbon furnace could very likely be increased by 
increasing  th e  th ickness of th e  carbon surrounding  th e  lig h t p a th  through the  
furnace.
D. AnVAnTAPiFS QF THE DOUBLE STAGE CARBOn FURFlACE
1. Ilo Sample Loss
Volatile elem ents, such  a s  m ercury , a re  easily lost (and no t detected) from  
com m ercial carbon fu rnaces du ring  th e  dry ing  and /o r a sh in g  steps [58]. The 
design of th e  double s tag e  fu rnace m ade th is  im possible. If the  analy te  w as 
vaporized a t  any  tim e, i t  w as pushed, by th e  argon  flaw, th rough  th e  hot 
atom ization  section an d  th e n  in to  th e  lig h t p a th , w here i t  w as detected.
2. Reduction of m olecular Background Absorption
The atom ization  process took place in  th e  atom ization section, outside th e  
lig h t p a th . The w a te r vapor an d  organic  compounds w ere broken down to  carbon 
monoxide, hydrogen a n d  carbon, w h ich  did no t absorb very  strongly  in  th e  
u ltrav io le t region. Since th is  occurred before th e  vapor reached  th e  ligh t p a th , th e  
m olecular background absorp tion  w as g rea tly  reduced.
3. Speciation
flone of th e  atom ic absorption system s in  wide use allow speciation by
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Element
As
Ca
Cu
Hg
m g
m
Se
Sn
Pb
TABLE XIV
COmPARATIVE SEnSITIVITY VALUES 
(in pg/0.0044 A)
This Research Reference Value Reference
256 160 [7]
300 3.1 (71
150 45 [7J
220 15000 [7]
0.3 0.3 [77]
300 330 [7]
300 100 [73]
2500 5500 [7]
60 23 [7]
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th e rm a l ana ly sis , a s  does th e  double s tage  furnace. If a  slow tem p era tu re  ra m p  Is 
applied to a  conventional carbon  furnace, any  an a ly te  specie vaporized below th e  
atom ization  tem p era tu re  is  lost as  th e  m olecular vapor and  not detected [69]. This 
w as no t possible w ith  th e  double stage furnace because th e  atom ization section w as 
alw ays heated  to Insure atom ization  and  detection of th e  analyte.
4. Solid Sam pling Capabilitu
Solid sam p ling  w as no t Investigated during  th is  research , p rim arily  because 
of th e  difficulty in  th e  p repara tion  of solid s ta te  s tan d ard s . However, the  
possibility of u sing  th e  CRSD w ith  solid sam ples existed. A few m illig ram s of solid 
could have been placed on th e  CRSD an d  introduced in to  th e  furnace.
Conventional in s tru m e n ts  a re  no t easily  adap tab le  to th e  analysis  of solid 
sam ples. The m a jo r problem  is th e  blockage of th e  ligh t p a th  by th e  solid sam ple or 
its  residue left in  th e  furnace. This would not be a  problem  w ith  th e  double stage 
fu rnace since th e  vaporization and  atom ization  processes take place outside of the 
lig h t path .
5. V ersa till tu
The double s tag e  fu rnace  w as capable of speciation, solid sam p ling  and 
q u an tita tio n  using  a  w ide varie ty  of m ethods. Such v ersa tility  w as unrivaled  by 
com m only used atom ic absorp tion  in s tru m en ts .
E. DISADVANTAGES OF THE DOUBLE STAGE CARBOn FURflACE
1. Carbide Form ation
The design of th e  double s tage  carbon fu rnace encouraged th e  form ation  of
m eta l carbides. As w as seen  in  th e  case of calcium , carbide form ation g reatly  
reduced sensitiv ity . This problem  could be overcome by th e  use of a  m eta l furnace 
ra th e r  th a n  a  carbon one.
Carbide form ation is probably no t a  problem w ith  com m ercial in s tru m en ts  
because th e  a tom s a re  created  in  the  lig h t p a th  an d  a re  detected before carbide 
form ation can  occur.
2. Uneven Furnace Heating
A rela tively  cool zone existed betw een th e  atom ization  an d  vaporization 
sections w hen  th e  furnace w as heated. Because of th e  h ea t sink effect of th e  two 
cen ter electrodes, th e  tem p era tu re  of th e  zone w as 200 -  300 *C lower th a n  th e  other 
two sections. This cool zone could provide a n  excellent a re a  for th e  collection of 
m a te ria l w ith  very  h igh  boiling points. This w as no t a n  obvious problem for any  of 
th e  elem ents investigated , bu t i t  m ay  be a  problem for som e of the  m ore refracto ry  
elem ents, such  a s  tungsten .
U nfortunately, th e  cen te r electrodes could no t be elim inated  and  still re ta in  
th e  desirable ch arac te ris tics  of th e  double s tage  furnace.
F. PROPOSED IUlPROVEmEnTS
Because th e  double s tage  carbon fu rnace w as a  prototype in s tru m en t, 
im provem ents w ere alw ays sought. Illany im provem ents w ere im plem ented 
during  th e  course of these  studies. Other im provem ents could not be im plem ented 
because of th e  expense in  tim e an d /o r money. Some of those proposed 
im provem ents a re  listed below.
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1. Improve Electrode Design
Two aspects of th e  electrodes, described in  th e  equipm ent section, were 
undesirable. F irst, th e  w ater-cooled electrodes w ere excellent h e a t sinks. Thus, 
th e  furnace did no t get as  h o t a s  i t  m ig h t have. Sensitiv ity  probably suffered. The 
o ther problem w as th a t,  over tim e, th e  m eta l 'f in g e rs ' of th e  collets becam e 
deformed. They would no t ’relax" w hen  th e  c lam p w as rem oved. For th is  reason, 
i t  becam e very  difficult to rem ove th e  used furnaces from  th e  p e rs is tan t grip  of the  
collets.
flew electrode clam ps, w hich  em ployed carbon, would solve both of these 
problem s.
2. Faster Electronics
It h as  been reported  th a t  if th e  response tim e of a n  atom ic absorption 
in s tru m e n t’s electronics is  too long, th e n  severe signal d istortion can occur w hen 
a  carbon furnace is used 187 -  891. The very  fa s t signal generated  by a  carbon 
fu rnace w as no t followed by th e  electronics and  th e  peak h e igh t w as dim inished. 
Loss of sensitiv ity  resu lted .
A s im ila r s itua tion  a lm ost ce rta in ly  existed w ith  th e  electronic equipm ent 
used for th e  double s tage  furnace, because of its  age. Thus, new er electronics, w ith  
sh o rte r tim e  constan ts , would very  likely increase  th e  sensitiv ity  of th e  technique.
3. Peak In teg ra tion
m easu rem en t of in teg ra te d  peak a re a  (in absorbance), is  reportedly m ore 
accurate  and  reproducible th a n  m easu rem en t of peak h e ig h t [89 - 91]. Also, Freeh, 
e t al. [92] used a n  iso therm al atom ization  system  and  found th a t  sensitiv ity
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derived from peak h e igh t for lead w as not influenced greatly  by several factors. 
When peak a re a  w as used, in stead  of peak heigh t, to calculate sensitiv ity , i t  
increased  by four fold w hen  th e  sam e facto rs w ere varied.
Therefore, th e  addition of electronics to allow peak in teg ration  would probably 
Improve precision and  (together w ith  fa s te r  electronics) sensitiv ity .
4. Increase Heating Power
The electrical equipm ent available could deliver enough power to h e a t the 
double stage furnace in  about 30 s. Com m ercial furnaces a re  heated  faster, in  5 -  10 
s, to h igher tem p era tu res, up  to  3000 *C. If m ore h ea tin g  power w as applied to  th e  
double stage furnace, h ig h e r peaks an d  b e tte r sensitiv ity  could resu lt.
5. A utom atic Background Correction
Background correction w as carried  out by analyzing  rep licate sam ples, f irs t 
w ith  the  hollow cathode lam p  and  th en  w ith  th e  deuterium  lam p. The difference 
between th e  two signals  obtained w as th e  n e t a tom ic absorption. The poor 
precision exhibited du ring  som e of th ese  studies m ade th is  process of lim ited  
w orth . It would be fa r  m ore valid to use th e  sam e type of au tom atic  background 
correction system s availab le on com m ercial in s tru m en ts . They sim ultaneously  
m easure to tal an d  m olecular absorption, bu t display only th e  n e t atom ic 
absorption.
6. Supplem ental Cooling
It would be possible to cool th e  atom ization  an d /o r th e  vaporization sections 
by directing  a  s tre a m  of cold n itrogen  or argon  ag a in s t th e  outside surface of th e  
furnace. Trapping efficiency should be increased  by cooling th e  atom ization  section
166
during  th e  f irs t p a r t of th e  trapp ing  process. P rem atu re  vaporization of ana ly te  
m ig h t be avoided, if th e  vaporization section w ere cooled during  th e  f irs t  s tep  in  
th e  AV m ethod.
7. A utom atic Tem perature Control
At least one feed-back c ircu it for au tom atic  control of furnace tem pera tu re  
h as  been reported  [93]. Such control for th e  double s tag e  furnace would increase 
reproducibility by in su ring  th a t  th e  sam e furnace tem pera tu res w ere achieved 
during  each h ea ting  cycle.
8. Heated Light P ath
The lig h t p a th  extension, or cross piece, w as heated  only by rad ia tio n  from  
th e  atom ization section and  achieved a  m axim um  tem p era tu re  of about 1200 *C. A 
h igher ligh t p a th  tem p era tu re  would im prove th e  atom ic lifetim e for some 
elem ents an d  th u s  increase  th e  sensitiv ity . This could be achieved by h ea ting  th e  
ligh t p a th  w ith  a  sep ara te  electrical circuit. A nother w ay to increase lig h t p a th  
tem p era tu re  would be to provide a  b e tte r  physical connection betw een th e  cross 
piece and  th e  atom ization  section so th a t  th e  cross piece could be heated  by 
conduction.
9. Computer Interface
A sm all m icrocom puter system  Interfaced to th e  double s tage  furnace would 
have a  wide varie ty  of uses. I t could c a rry  out som e of th e  functions proposed above, 
such as au tom atic  tem pera tu re  control an d  peak in teg ration . It could be used to 
au tom atically  optim ize lam p  conditions. In addition, i t  could elim inate  hours of 
tedious calculating an d  curve plotting.
PART TWO
Studies on Speciation 
of Lithium in Blood
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I. inTRODUCTIOn
A. LITHIUm AS A PSYCHOACTIVE DRUG
The A ustra lian  p sy ch ia tris t Jo h n  F. J . Cade reported  in  1949 th a t  doses of 
lith ium  c itra te  calm ed acutely m an ic  p a tien ts  an d  ce rta in  schizophrenic p a tien ts  
[94]. Since th a t  f ir s t  report, lith ium  tre a tm e n t h as  been applied to a  wide ra n g e  of 
o ther illnesses, w ith  vary ing  success, including : depression [95,96], epilepsy [97], 
schizophrenia an d  schizoaffective illness [98, 99], a s th m a  [100] an d  cyclic 
neutropenia [101], However, lith ium  h a s  been found to be m ost effective in  th e  
tre a tm e n t of m a n ia  or th e  m an ic  phase of m anic-depression.
Lithium levels in  h u m an  tissue a re  reportedly  in  th e  ran g e  1 -  300 n g /g  w ith  a 
level of 4 -  8 ng /g  in  blood [102]. Therapeutic use of lith ium  ra ises  blood serum  levels 
to approxim ately 8 - 8  jig/g ( 0.8 -  12 mEq/L) [103]. A bew ildering a rra y  of stud ies 
h a s  been perform ed to determ ine w h a t effect lith ium  h as  on m any  biochem ically 
im p o rtan t substances and  system s. R esearch h a s  involved the  influence of lith ium  
on n eu ro tra n sm itte rs  [104 -  107], th e  functioning of calcium  [108. 109] and  
m agnesium  [108], carbohydrate  m etabolism  [110], adeny late  cyclase [109, 111, 112] 
and  ATPase I 113, 114], am ong o thers. The re su lts  have been volum inous and , in  
m an y  instances, contradictory . The reason  for th e  efficacy of lith ium  is still no t 
known, though m an y  theories have been proposed. Several review s an d  
com pendia on lith ium  tre a tm e n t have been published. [115-118]
In re la tio n  to  lith ium  as  a  psychoactive agen t, m ost of th e  analy tica l 
re search  h a s  been concerned w ith  th e  determ ina tion  of lith ium  in  serum  [119,120],
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p la sm a  [121J, and  ery th rocy tes [121J.
According to early  w orkers, lith ium  is no t protein-bound [122, 123]. I t can , 
however, com pete quite effectively w ith  calcium  for calcium  binding  sites on 
proteins involving carboxyl groups [124]. This is no t su rp ris in g  since lith ium  h as  
been show n to form  complexes w ith  ethy lened iam inete tracetic  acid [125,126] and 
n itrilo triace tic  acid  [127],
The chem ical form  of th e  lith ium  in  th e  blood h a s  no t been determ ined, 
a lthough i t  is  generally  assum ed to be ionic. However, i t  is  difficult to p red ic t the  
effect th a t  lith ium  will h ave  in  previously u n trea ted  p a tien ts , e ith e r from  the  
lith ium  levels in  th e  blood, or th e  form  of th e  lith ium  because it  is  assum ed to  be 
ionic. It is conceivable th a t  lith ium  exists in  tw o form s, one of w hich  is  biologically 
active an d  th e  o ther less active or inactive. Such a  proposal would dem and th a t  th e  
lith ium  exists in  a t  le ast tw o chem ical form s in  th e  body.
Knowledge of th e  no rm al levels of two or m ore lith ium  species m ig h t be used 
to pred ic t w hich  m en ta l p a tien ts  w ill respond to lith ium  tre a tm e n t, to 
d ifferentiate betw een d ifferen t m en ta l illnesses responsive to  lith ium , to help 
diagnose ce rta in  m en ta l d isorders, and  to elucidate lith ium  efficacy and 
differences in  lith ium  m etabolism  betw een ’ n o rm a l’ and  m en tally  ill persons, etc. 
The possibilities a re  num erous.
P a r t Two of th is  d isse rta tio n  describes several studies w hich  a ttem p ted  to 
detect two or m ore lith ium  species in  h u m an  blood serum .
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B. inSTRUmmTAL mETHODS OF mETAL SPECIATIQn
In order to  pu t th e  w ork presented  in  P a r t Two of th is  d isserta tion  in  its  proper 
perspective, a  brief discussion of som e m eta l speciation techniques is  presented  
here.
1. IBetal Specific Detectors for C hrom atoaraphu
The use of m eta l specific detectors far ch rom atography  h a s  been one of th e  
m ost popular m ethods used for speciation. Such coupled techniques a re  ideal for 
m eta l speciation. The ch rom atograph  is used to sep ara te  th e  m etal species then  
th e  colum n effluent is fed to a  detector w hich  is  sensitive only to th e  m etal in terest. 
Van Loon review ed th e  work perform ed in  th is  a rea  prior to 1979 [1281. Because 
re la tive ly  few m eta l com pounds a re  volatile enough to pass th rough  a  gas 
chrom atograph ic  colum n, only liquid ch rom atography  (LC) system s w ill be 
discussed below.
a. Flame Atomic Emission (Flame Photom etru)
Flame em ission b u rn e rs  norm ally  u tilize liquid sam ples. Thus, in terfacing  an  
LC w ith  a  flam e em ission  b u rn er only requ ires  th a t  a  sh o rt len g th  of tubing 
tra n s fe r  th e  sam ple from  th e  LC colum n to  th e  b u rn er asp ira to r. However, flam e 
em ission does no t d em onstra te  good sensitiv ity  for m ost m etals . The m a jo rity  of 
LC -  flam e em ission work h a s  involved th e  speciation of non -m eta ls , such as 
phosphorous [129,130].
b. Flam e Atomic Absorption
Flam e atom ic absorption (flame AA) is th e  m etal specific detector of choice for 
LC, for several reasons. F irs t of all, flam e AA b u rn ers  have a  liquid up take ra te
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w hich  is  s im ila r to  th e  LC flow ra te s  of 0.5 -  5 m L/m in. There have been some 
problem s associated  w ith  slow LC flow ra te s , bu t several inventive m ethods have 
overcome th ese  problem s [131, 132], Secondly, flam e AA h a s  good sensitiv ity  for 
m an y  m etals.
U nfortunately, sam ples in jected in to  LC system s a re  diluted by th e  eluent. 
Iflany tim es biological or env ironm enta l sam ples contain  very  low levels of the 
m eta ls  of in te res t, to begin w ith . Thus, a fte r LC separation , flam e AA is frequently  
incapable of detecting m e ta ls  in  th ese  sam ples.
c. Furnace Atomic Absorption
Furnace AA would seem  to be a  be tte r LC detector th a n  flam e AA, because of 
th e  im proved sensitiv ities available w ith  furnaces. Unfortunately, th e  cyclic 
h ea tin g  p rogram s used w ith  com m ercial carbon furnaces crea te  a  com patibility 
problem for a n  in terfaced LC-furnace AA in s tru m en t. A continuously flowing LC, 
w ith  a  furnace th a t  is hea ted  in  cycles, is  im possible to in terface d irectly . One 
com m on a lte rn a tiv e  is to collect fractions from  th e  LC. The fractions a re  then  
individually analyzed by fu rnace AA. The re su lt is  a  se t peaks th a t  corresponds to 
th e  chrom atograph ic curve. A uto-sam plers can  be used to au tom ate th e  en tire  
process. This approach  h a s  been used to  specia te  organolead an d  organotin  
com pounds [133].
d. Inductivelu Coupled P lasm a Atomic Emission
Inductively coupled p lasm a atom ic em ission (ICP) h as  been used as  a n  LC 
detector in  m uch th e  sam e w ay a s  flam e AA. Size exclusion ch rom atography  (SEC) 
h a s  been coupled w ith  ICP to speciate organically  bound m eta ls  in  coal-derived
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m a te ria ls  [134] an d  non-aqueous sam ples [135]. SEC-1CP h a s  also been used to 
detect different calcium  and  m agnesium  species in  n a tu ra l w ate rs  [136],
2. m eta l Specific Detectors for Evolved Gas A nalusis
Evolved gas analy sis  (EGA) is th e  an a ly sis  of gases released from  a  sam ple 
w hen i t  Is heated. In order to perform  speciation, a  sam ple is  heated  slowly. 
Different compounds a re  vaporized a t  d ifferent tem peratu res. Hence, separation  of 
th e  com pounds depends on each  one hav ing  a  unique boiling or vaporization 
tem peratu re . At le a s t two types of m eta l specific detectors have been used for 
evolved gas analysis.
a. P lasm a Atomic Emission
Inductively coupled p lasm a atom ic em ission spectrom etry  (ICP) and 
m icrow ave induced p lasm a a tom ic em ission spectrom ety (IT1IP) have both  been 
used as m e ta l selective detectors for EGA. Usually, th e  sam ple is heated  in  a  
furnace an d  th e  evolved gases tran sp o rted , v ia  a  hea ted  tran sfe r  line, to  th e  
p lasm a, w here  atom ization  an d  em ission take  place. Speciation of m e ta ls  in  solids 
h a s  been perform ed by EGA-ICP [137] and  EGA-IHIP [138]. m e ta ls  in  solid biological 
sam ples have been speciated by EGA-miP [139].
b. Furnace Atomic Absorption
Robinson an d  co-w orkers perform ed speciation studies using  a  double s tage  
furnace AA [45,46]. This technique w as described in  th e  in troduction to P a r t One of 
th is  d issertation .
In re la ted  work, Robinson, e t  al. used a  p la tinum  loop vaporizor in  
conjunction w ith  th e  q u artz  “T" a tom izer to perform  speciation studies of lead.
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cadm ium  [54] an d  m ercu ry  [48]. Sample w as placed on th e  p la tinum  loop w hich  
w as lowered in to  th e  q u a rtz  "T" atom izer, ju s t above the  carbon bed. The p la tinum  
loop w as slowly heated. Evolved gases w ere sw ept th rough th e  carbon bed, w here 
atom ization  took place, a n d  in to  th e  in s tru m e n t ligh t path .
3. m eta l Speciation bu nuclear m agnetic  Resonance Spectrom etru 
nuclear m agnetic  resonance (WIIR) h a s  been used for m an y  years  to 
determ ine th e  chem ical env ironm ent of hydrogen atom s (protons) and  carbon 
atom s. A nalytical an d  o rgan ic  chem ists have m ade extensive use of proton and  
carbon THIIR for th e  identification of organic compounds.
n m n  can  also be used to  investigate  th e  chem ical env ironm en t of m an y  m etal 
nuclei. Such work h a s  been reported, bu t n o t nearly  to th e  ex ten t of proton and  
carbon THUR. For exam ple, A1 -  27 FUTIR h a s  been used to  investigate  a lum inum  
species in  aqueous solutions [140] and  a lum inum  binding s ites  on enkephalin  [141].
In th e  case of lith iu m , m uch of th e  Li -  7 lURR work h a s  centered around the 
investigation  of lith ium  complexes. Investigation  of lith ium  com plexation w ith  
cryp ta tes [142, 143], pen tam ethy lenete trazo le  [144] an d  n itrilo triacd tic  acid  [145] 
have been reported. Li -  7 THIIR h a s  been used to  show th a t  th e  lith ium  ion can  bind 
to th e  nucleosides cytid ine and  cytosine [146],
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II. EQUIPmEDT
A. LIQUID CHROITtATOGRAPHY -  CARBOn FURflACE ATQmiC 
ABSORPTIOn SPECTROmETER ( LC - AA )
1. Liquid C hrom atograph
The liquid chrom atography  ( LC ) colum n used w as a  80 ft. by 0.01 in  ( 24.4 m  x 
0.25 m m  ) capillary  SE - 30 column. Eluent w as supplied to  th e  LC colum n from  a  
pressurized solvent reservo ir. The solvent reservo ir consisted of a  62 cm , 12  cm  
d iam ete r copper tubing, w ith  a  capacity  of about 70 raL. I t w as pressurized, w ith  
gas from  a  n itrogen  ta n k , to  p ressures of about 700 kPa (100 p .s.i.).
2. Interface Between th e  Liquid C hrom atograph an d  th e  
Carbon Furnace Atomic Absorption Spectrom eter
The in terface betw een th e  liquid ch rom atograph  ( LC ) and  th e  carbon furnace 
a tom ic absorption spectrom eter is  illu s tra ted  in  Figure 54.
The effluent from  th e  LC colum n passed  in to  a  cross flow nebulizer, w here  it 
w as broken in to  tin y  droplets by th e  oxygen s tream . A m in ia tu re  axy-hydrogen 
flam e w as used to bu rn  th e  organic so lvent before th e  sam ple passed in to  th e  
carbon furnace. The flam e w as ign ited  by a  sm all n ichrom e coil, w h ich  w as heated  
to  incandescence w ith  a  ba tte ry . An in le t allowed argon  to be added to th e  
com bustion cham ber in  order to  p reven t a ir  from  leaking in to  th e  interface.
This LC -  AA in terface  w as designed by a  previous w orker, bu t h ad  never been 
tested .
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3. Carbon Furnace Atomic Absorption Spectrom eter
a. Carbon Furnace
The h e a r t of th e  LC -  AA w as th e  carbon furnace. I t w as s im ila r in  design to 
th e  carbon “T" atom izer used  for th e  GC -  AA, a s  w as discussed in  th e  in troduction 
to P a rt One. The carbon furnace rased far th e  LC -  AA did not use a  cross piece to 
extend th e  lig h t path .
As w ith  th e  carbon *T“ atom izers, th e  atom ization process took place outside 
of th e  lig h t pa th . By th e  tim e  th e  sam ple  reached  th e  ligh t p a th , i t  h ad  been 
reduced to atom ic vapor an d  w as able to  undergo atom ic absorption w ithout th e  
presence of in terfering  m olecular species.
b. Furnace Electrical Components
Power w as supplied to  th e  carbon furnace by a  18 A variab le  au to transfom er 
( Variac). A 9 V, 500 A stepdaw n tran sfo rm er ( Signal Transfom er Company ) w as 
used to  decrease th e  voltage and  increase  th e  cu rren t going th rough  th e  carbon 
furnace. Welding cables w ere used to connect the  tran sfo rm er secondaries to the  
fu rnace electrodes.
c. Furnace Housing
In order to p reven t rap id  deterio ration  of th e  carbon furnace, i t  w as enclosed 
in  a  b rass , w a te r cooled, housing ( Figure 54 ). Ports allowed argon to be added to 
the  housing in terio r, in su rin g  a n  in e r t  atm osphere.
Two quartz  w indows allowed th e  source rad ia tio n  to pass th rough  th e  lig h t 
p a th  of th e  furnace.
The bottom  of th e  carbon fu rnace res ted  on th e  bottom  electrode, w hich
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served as th e  bottom  of th e  fu rnace housing. The top electrode w as w a te r cooled. It 
w as also sp rin g  loaded, to  in su re  good contact betw een th e  furnace an d  both  
electrodes.
d. Optical Components
i. Source
A dem ountable, hollow cathode lam p  ( DHCL ) system , s im ila r to th e  one 
discussed in  th e  equipm ent section of P a r t One of th is  d isserta tion , w as used as  the  
source for th e  a tom ic absorp tion  spectrom eter.
ii. Chopper
A m echanical chopper ( m otor by Arch m anufac tu ring  Company , type U21 ) 
w as used to m odulate th e  DHCL rad ia tion . A m agnetic  reed  sw itch  w as a ttached  to 
the  chopper so th a t  i t  an d  th e  am plifier could be phase-locked.
iii. Lenses
Plano-convex lens w ere used to focus th e  source rad ia tio n  on th e  lig h t p a th  of 
the  furnace an d  on th e  s lit  of th e  m onochrom ator.
iv. m onochrom ator. Detector and  Amplifier
A Beckm an ( model DB -  G ) spectrophotom eter taken  from  a  Beckman ( model 
1301 ) atom ic absorp tion  spectrom eter w as used. It provided th e  m onochrom ator, 
photom ultiplier tube ( PH1T ), detector an d  am plifier. The am plifier h ad  been 
modified to  be phase-locked to th e  signal from  a  m agnetic  reed  sw itch  on the  
chopper. This allowed th e  m onochrom ator to d isc rim in a te  a g a in s t all rad ia tio n  
except th a t  from  th e  m echanically  chopped source.
The m onochrom ator h ad  a  m anually  ad justab le  slit. The g ra tin g  h ad  1200
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lin es /m m  an d  w as blazed for 250 nm .
e. Gas Handling Equipment
How m e le rs  an d  needle valves w ere used  to  regu la te  th e  flow of gases to 
various p a r ts  of th e  in s tru m en t. A sm all vacuum  pum p (Dyna-Vac pum p model 4K) 
pulled th e  com bustion gases from  th e  oxg-hydrogen flam e, th rough  th e  hot 
fu rnace and  out of a n  exhaust port in  th e  fu rnace housing.
B. LIQUID CHROmATOGRAPHY -  inDUCTTVn.Y rniTPr.RD nLASKlA
ATomic Emission spectroihetry
A block d iag ram  of th e  liquid ch rom atograph  - inductively coupled p lasm a 
spectrom eter ( LC -  ICP ) is  show n In Figure 55.
1. Liquid C hrom atograph
The solvent rese rv o ir w as m achined  from  a  rod of 316 sta in less  steel. I t had  a 
capacity  of about 750 mL an d  could be pressurized to 6000 kPa ( 870 p s  j . ) w ith  gas 
from  a  n itrogen  tank . An in jection  port and  valves, placed betw een th e  reservo ir 
an d  th e  LC colum n, allowed a  sam ple in jection  to  be m ade w ith  a  m icro liter 
syringe. The sam ple  passed  in to  th e  LC colum n w here  separa tion  of th e  sam ple 
com ponents took place.
A s ta n d a rd  25 cm  colum n ( W hatm an, In c .) packed w ith  silica gel w as used.
2. In terface Between th e  Liquid C hrom atograph  an d  th e  
Inductlvelu Coupled P lasm a Atomic Em ission Spectrom eter
Commonly used inductively coupled p lasm a a tom ic em ission spectrom eters 
( ICP's ) frequently  exhibited a  m em ory effect [147],
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This m em ory effect resu lted  from  two factors. F irst, s tan d a rd  ICP 
nebulization cham bers have la rge  in te rv a l volumes. Since th e  gas flow ra te  
th rough  th e  ch am b er w as low. i t  w as possible for a  com ponent from  th e  LC colum n 
to en te r  th e  cham ber a n d  not leave before a  closely following com ponent also 
en tered  th e  cham ber. Thus, tw o com ponents, w h ich  h ad  been separa ted  by th e  LC 
colum n, w ere p artia lly  or to tally  recom bined.
Second, th e  la rge  surface a re a  inside th e  nebulization cham ber, ICP to rch  and  
connecting tub ing , provided a  vehicle for sam ple deposition. The deposited sam ple 
m ay  la te r  be w ashed off th e  surface, con tam ina ting  la te r  sam ples. This w as 
an o th er w ay th a t  th e  com ponent resolution achieved by th e  LC colum n w as 
d im in ished  by th e  s ta n d a rd  ICP sam ple in troduction  system .
A nother d isadvan tage of s tan d a rd  ICP nebulization system s w as the  low 
an aly te  tra n sp o rt efficiency, only 1 -  2 % [2, 146]. Thus, m uch  of th e  potential 
sensitiv ity  w as lost because m ost of th e  sam ple w en t down th e  d ra in  an d  never 
reached  th e  p lasm a.
Two LC -  ICP in terfaces w ere designed to  overcome these problem s,
a. F irst In terface Design
The f ir s t  in terface design consisted of a  cross flow nebulizer ( Figure 56 ) 
s im ila r to th a t  used w ith  th e  LC -  AA. This nebulizer design h ad  proved itself 
capable of reducing th e  LC effluent to  a  sp ray  of very  fine droplets.
This nebulizer replaced th e  cen te r ( sam ple  in troduction  ) tube in  th e  ICP 
torch.
Figure 55
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b. Second Interface Design
A second in terface design also  em ployed a  cross flow nebulizer, originally  
designed by Robinson for use as  p a r t  of a  to ta l consum ption bu rn er [149]. This 
nebulizer ( Figure 58) replaced th e  cen ter tube in  th e  ICP torch.
3. Inductlvelu Coupled P lasm a Atomic Emission Spectrom eter
a. P lasm a Torch
The p lasm a to rch  ( Figure 57 ) consisted of two concentric quartz  tubes w hich 
w ere held in  place by a  b rass  base. The to rch  base h ad  in le ts  for tw o argon  flow 
stream s. A tan g en tia l argon  s tre a m  sp iralled  up th rough  th e  torch, betw een th e  
two q u artz  tubes, a t  a  flow ra te  of 10 -  15 L/min. This argon provided cooling for the  
q u artz  tubes. The auxiliary argon  flowed in  a  la m in a r  fashion up through the 
cen ter q u a rtz  tube. This flow s tre a m  provided th e  argon  to su sta in  th e  p lasm a.
One of th e  two cross flow nebulizers, m entioned  in  th e  section above, w as 
centered  in  th e  to rch  base so th a t  th e  nebulized sam ple w as sprayed  in to  th e  
bottom  of th e  p lasm a. It w as im p o rtan t th a t  th e  sam ple aerosol en tered  th e  cen ter 
p a r t  of th e  p lasm a in  order to be exposed to th e  h o tte s t p a r t of th e  plasm a. 
Otherwise, th e  sam ple would flow around th e  outside of th e  ho t p lasm a and not be 
atom ized or excited efficiently.
b. Radio Frequencu G enerator
The ICP w as powered by a  5 kW, 5 - 8  ITlHz rad io  frequency ( RF ) generator. A 
3 1 /2 tu rn  induction coil from  th e  RF genera to r, m ade of 1 /4 in . (0.64 cm ) d iam eter 
copper tubing, w as w rapped around th e  upper p a r t  of th e  p lasm a torch.
Figure 56
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c. m onochrom ator. Detector and  Amplifier
The spectrophotom eter ( Beckman model DB -  6) used for th e  LC -  AA w as also 
used for th e  LC -  ICP.
d. Recorder
A Sargen t - Welch recorder ( model SRLG ) w as used to record th e  em ission 
signals.
e. P lasm a In itia to r
The spark  from  a  te sla  coil w as used to in itia te  th e  p lasm a, w hich w as self 
su sta in in g  a fte r in itia tion .
C. LIQUID CHROmATOGRAPHY -  FLAII1E ATQmiC EmiSSIOn SPECTROmETRY 
A block d iag ram  of th e  liquid chrom atograph  - flam e atom ic em ission 
spectrom eter ( LC -  FAES) is  show n in  Figure 58.
1. Liquid C hrom atograph 
The liquid chrom atograph  used w as described in  th e  discussion of th e  LC - ICP. 
All of th e  liquid ch rom atography  colum ns used w ere 25 cm  in  length . Packing 
m a te ria ls  included:
-  silica gel ( packed in  -  house )
-  carboxy m ethylcellulose ion exchange re s in  ( packed in  -  house )
-C 8 reversed  phase  ( W hatm an Partisil PXS 10/25)
The LC effluent from  th e  colum n passed  th rough  a  sh o rt len g th  of capillary  
polyethylene tubing  to th e  flam e em ission burner, flo o ther in terface w as used.
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2. Flam e Atomic Emission Spectrom eter f FAE5 )
a. A tom izers ( B urners )
i. Total Consum ption Burner
Total consum ption b u rn e rs  have trad itiona lly  been used for flam e em ission 
w ork. The f irs t a tom izer used w as of th e  to tal consum ption type ( Ja rre ll Ash Hetco 
b u rn e r ). The oxy-hydrogen to ta l consum ption bu rn er w as so audibly noisy th a t  it 
w as not used a fte r a  few tria ls .
ii. P re-m ix Burner
A pre-m ix  burner, s im ila r  to  th e  type used for atom ic absorption, w as used 
for th e  m a jo rity  of th e  LC -  FAES studies.
The b u rn e r is  show n in  cross section in  Figure 59. The body of th e  b u rn er w as 
m ade of s ta in less  steel. A pneum atic  nebulizer used an  a i r  s tream  to break th e  LC 
effluent in to  tin y  droplets. Acetylene w as mixed w ith  the  a i r  and  the  sam ple 
aerosol in  th e  nebulization cham ber. Droplets th a t  w ere too big to  pass th rough  th e  
cham ber w ere d ra ined  in to  a  w aste  container. The gases passed th rough  th e  
bu rn er head  in to  th e  flam e w here  th e  sam ple  aerosol w as atom ized an d  excited.
The usual 10 cm  long p a th  len g th  b u rn er head, used for atom ic absorption, 
w as replaced w ith  one m ore appropria te  for flam e em ission work. For flam e 
em ission, i t  w as necessary  th a t  th e  flam e be com pact so th a t  all of th e  em itted  
rad ia tions  w ere focused on th e  m onochrom ator slit.
After som e experim entation , a  successful b u rner head  design w as found. The 
round b u rn er head  had  15 holes of 0.9 m m  ( 0.035 in  ) d iam eter. The holes w ere 2 
m m  a p a r t and  a rran g ed  in  two concentric circles w ith  one hole in  th e  center.
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b. Optical Components
i. Collecting m irro r
A convex, fron t surface m irro r  w as used to  reflect and  focus rad ia tio n  from 
th e  flam e onto th e  s lit of th e  m onochrom ator.
ii. m onochrom ator
A Littrow p rism  m onochrom ator w ith  a  m anually  ad justab le  s lit ( Beckman 
In s tru m en ts  DU model 2400) w as used.
iii. Detector
A red  sensitive photom ultip lier tube ( H am am atsu  model R 456 ) w as used as 
th e  detector.
c. Am plifier an d  Photom ultiplier Tube Power SudpIu
The photom ultiplier tube power supply a n d  signal am plifier u n it w ere 
m anufactured  by Techtron P ly . Ltd., m elbourne ( type WITIA).
d. Chopper
A chopper ( E astern  Engineering Company, model 4 variab le  speed m otor) w as 
placed in  th e  lig h t p a th , ju s t  in  front of th e  m onochrom ator slit. The purpose of th e  
chopper w as to  m odulate th e  a tom ic em ission signal so th a t  th e  am plifier 
processed it.
e. Gas H andling Sustem
i. Compressed Air
Compressed a ir  w as obtained from  th e  in  -  house com pressed a ir  line. A gas 
regu la to r w as used to  m odera te  th e  p ressu re  v aria tio n s  of th e  com pressed a ir  
system . The a ir  passed  from  th e  regu la to r to  a  gas control u n it  ( V arian  Pty. Ltd,
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ITlelbourne, type GCU1 ) an d  th en  in to  th e  nebulizer.
Acetylene w as obtained from  a  com m ercial vender ( Lincoln Big Three ). The 
gas passed th rough  a  reg u la to r and  a  flow m eter, in  th e  gas control un it, to the  
b u rner m iring  cham ber.
D. EVOLVED GAS -  FLATTIE ATOIYIIC EmiSSIOn SPECTROmETER
1. Sample V aporizer
The device w hich  provided th e  evolved gas, to  be analyzed by th e  FAES, w as 
a n  electro th e rm ally  hea ted  p la tinum  loop ( Figure 60).
This device consisted  of a  sh o rt len g th  of 0.13 m m  d iam eter p la tinum  w ire, 
fashioned in to  a  'V ' shaped  loop. The ends of th e  p la tinum  w ere spot welded to  two 
steel electrodes. Power to  h e a t th e  P t -  loop w as provided by a  variable 
au to transfo rm er ( V ariac ). A sm all electric  m otor w as a ttach ed  to th e  V ariac so 
th a t  th e  voltage and  c u rre n t to th e  P t -  loop could be slowly increased over tim e. 
This allowed th e  P t -  loop to be heated  sm oothly and  reproducibly from  room 
tem p era tu re  to 1750 *C over approxim ately a  7 m in u te  period.
The steel electrodes w ere  insu la ted  by a  ceram ic covering. The ceram ic piece 
passed th rough  a  ru b b er stopper. A g lass ad ap te r w as m ade for th e  Pt -  loop, so 
th a t  it  in terfaced  w ith  th e  p re-m ix  burner. The ad ap te r w as a  15 cm  leng th  of g lass 
tub ing  w h ich  w as 22  cm  in  d iam eter. One end of th e  g lass tubing  w as tapered  to 
cap illary  size. This cap illa ry  w as a ttach ed  to a  sh o rt len g th  of capillary  
polyethylene w hich  led to  th e  nebulizer. The Pt -  loop w as in serted  in  th e  o ther end 
of th e  g lass adap ter. The ru b b er stopper m ade a n  a ir t ig h t seal. From th ere , th e
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sam ple w as pushed in to  th e  /lam e by th e  com bustion gases. Separation of different 
compounds w as dependent upon differences in  boiling points, ju s t  a s  w ith  th e  
double stage  furnace described in  P a rt One. After th e  sam ple w as placed on th e  Pt -  
loop, th e  loop w as slowly hea ted  by ac tiv a tin g  th e  m otorized variac . As th e  boiling 
point of a  p articu la r com pound w as reached, i t  w as vaporized, leaving behind all 
th e  compounds w ith  h ig h e r boiling points. The rem ain d er of the  compounds w ere 
vaporized as  th e  Pt -  loop continued its  h ea tin g  cycle.
E. fluclear m agnetic  Resonance Spectrom eter
The spectrom eter used  w as a  200 HlHz BruKer, model WP -  200. A tunable probe 
w as used a t  a  frequency of 77.78 in  Hz. The co n stan t field s tren g th  w as 4.7 T.
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III. EXPERimEnTAL ADD RESULTS
A. CHEmiCALS
1. Deionized Distilled W ater
Deionized distilled w a te r ( DDW) w as obtained by passing  distilled w ater, from 
th e  chem istry  building's distilled  w a te r sy stem , th rough  a  mixed bed deionization 
colum n ( Illinois W ater T reatm ent Company, Research IonXChanger model 2 ). The 
DDW w as sto red  in  a  large, polyethylene carboy.
2. Lithium  S tandards
R eagent grade lith ium  chloride w as dried  in  a  110 *C oven. An appropria te  
am ount w as weighed and  dissolved in  DDW to m ake a  1000 pg/mL stan d ard . This 
w orking s ta n d a rd  w as stored in  a  polyethylene bottle. Dilute s tan d ard s  w ere 
prepared dally  for quan tita tiv e  w ork .
3. S aturated  Lithium  C arbonate Solution
Lithium  carbonate  w as p repared  by m ixing concen trated  solutions of lith ium  
chloride and  sodium carbonate. The lith ium  carbonate  precipita te w as w ashed 
several tim es w ith  DDW. A sa tu ra ted  solution of lith ium  carbonate  w as prepared by 
m ixing DDW an d  excess lith ium  carbonate  in  a  stoppered te s t tube.
4. S aturated  Lithium  Phosphate Solution
Lithium  phosphate w as prepared  by m ixing concentrated  solutions of lith ium  
chloride and  sodium phosphate. The sam e  procedure w as followed as  for the 
lith ium  carbona te  solution discussed above.
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5. Saline Solutions
A saline  solution w as m ade up  w ith  th e  following sa lt  concentrations : 0.115 IB 
sodium  chloride, 0.0045 IB potassium  chloride, 0.025 IB sodium bicarbonate. This 
solution approxim ated th e  concentrations of sodium , potassium , chloride and  
bicarbonate in  h u m an  blood 1150 ].
6. Serum Samples
O rdinary serum  sam ples w ere obtained from  th e  Louisiana State University 
Student H ealth Service. Serum sam ples from  m en ta l pa tien ts  undergoing lith ium  
tre a tm e n t (trea ted  serum ) w ere obtained from  Doctor's Hospital, Baton Rouge, LA.
7. Gases
Acetylene, argon, hydrogen, oxygen and  n itrogen  w ere obtained from  a  com ­
m ercial vendor ( Lincoln Big Three Inc. ) Compressed a ir  w as obtained from  the 
ch em istry  building 's in-house com pressed a ir  system .
B. LIQUID CHROIBATOGRAPHY -  CARBOfl FURDACE AT01BIC 
ABSORPTIOn SPECTROIBETRY ( LC -  AA )
1. Results
During p re lim inary  work w ith  th e  LC -  AA, a  m a jo r design flaw  becam e 
ap p aren t, w hich  m ade th e  in s tru m e n t unusable.
The m a jo r product of th e  axy-hydrogen flam e w as w a te r vapor. W ater vapor 
reac ted  w ith  ho t carbon, th rough  th e  w a te r gas reac tion , to form  carbon monoxide 
an d  hydrogen gases. In a  m a tte r  of 15 -  30 m inu tes, the  carbon furnace w as 
eroded to th e  point th a t  i t  would no t operate efficiently. W ithin 60 m inu tes, the
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furnace w as eroded so badly th a t  it  could no longer be electrically heated.
The lifetim e of th e  carbon furnace w as so sh o rt th a t  a  m axim um  of th ree  or 
four ch rom atog ram s could be ru n  before th e  furnace h ad  to  be changed. The tim e 
involved in  th e  m ach in in g  and  in sta lla tio n  of each  new  carbon furnace m ade 
ana ly sis  tim es excessively long. Thus, th e  technique w as abandoned as  unusable.
C. LIQUID CHROmATOGRAPHY -  inDUCTTVF.T.Y COUPLED PLASHIA
ATomic Emission s p e c tro h ie try  ( l c  -  icp )
1. Results
Both in terface designs w ere found to be deficient. The technique w as not 
pursued a fte r i t  w as learned  th a t  th e  detection lim it for lith ium  by ICP atom ic 
em ission spectrom etry  w as no t as good as  by flam e atom ic em ission spectrom etry  
[1511. This inform ation  h ad  n o t been reported  previously in  th e  litera tu re ,
a. F irst Interface Design
The f irs t in terface design suffered from  two problem s. One problem  w as th a t  
th e  end of th e  nebulizer w as about 10 cm  from  th e  bottom of th e  plasm a. In 
com parison, th e  s ta n d a rd  ICP aerosol in jection  tube w as only a  few m illim eters 
below th e  p lasm a. Because the  LC -  ICP in terface  nebulizer w as so fa r  below the 
p lasm a, i t  could no t efficiently in jec t sam ple  in to  th e  p lasm a. The leng th  of the 
nebulizer could no t be increased  because th e  drill b its  vised to  m anufacture  it  w ere 
only about 3 cm  long. Longer drill b its  w ere no t available.
The o ther problem  w ith  th is  nebulizer design w as th a t  th e  argon  flow ra te  
(about 0.5 L/min) w as not sufficient to  effectively nebulize th e  liquid. The nebulizer
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argon  flow r a te  could not be increased  w ithou t extinguishing th e  p lasm a,
b. Second Interface Design
The second in terface design enabled th e  nebulizer to  be m ade longer so th a t  
th e  exit orifice w as 2 - 3  cm  below th e  p lasm a. This w as possible because la rg e r 
d iam ete r ( an d  longer ) d rill b its  w ere used for m ost of th e  m ach in ing  of th e  second 
nebulizer.
This nebulizer w as also  able to nebulize th e  LC effluent quite effectively w ith  
a n  argon  flaw r a te  of 0.5 L/min. U nfortunately, th e  aerosol s tream  w as not 
perfectly vertica l a s  i t  left th e  nebulizer tip. The aerosol struck  th e  inside of th e  
cen ter q u a rtz  tube an d  never reached  th e  p lasm a. This problem  w as caused by the 
various p a r ts  of th e  nebulizer no t being perfectly concentric. The m ach ine  shop 
personnel w ere no t able to correct th e  problem  w ith  th e  equipm ent available.
The second in terface design w as unusuable because, like th e  firs t, i t  could not 
effectively deliver th e  sam ple  aerosol to  th e  p lasm a.
D. LIQUID CHROmATOGRAPHY -  FLATTIE ATOmiC 
E m ission  SPECTROSCOPY ( LC -  FAES 1
1. Experim en ta l
a. Eluent
Since th e  goal of these  studies w as to  sep ara te  th e  lith ium  species p resen t in  
blood serum , a  LC eluen t w as chosen w hich  closely approxim ated th e  composition 
of blood serum . This w as im p o rtan t because a n  eluent w hich  w as grossly 
d iss im ilar to blood serum  ( e.g. d istilled  w a te r or a n  organic so lv e n t) could d isrup t
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any  non-ionic lith ium  specie p resen t.
The eluen t used for m o st of th e  LC -  FAES studies w as the  saline solution 
described in  th e  chem icals section, above,
b. Conditions
Typical conditions used for th e  LC -  FAES studies a re  listed  in  Table XV.
2. Results and  Discussion
a. Silica Gel Column
A 5 pL in jection  w ith  5 pg of lith ium  gave a  very  low, broad peak, as show n in  
Figure 61. The re ten tio n  tim e w as about 2 m in  w hen th e  colum n flow ra te  w as 0.8 
m L/m in. The h e ig h t and  a re a  of th e  lith ium  peaks w ere no t reproducible. At th is  
point, i t  w as hypothesized th a t  th e  lith ium  w as undergoing a n  in te rac tion  w ith  
th e  silica  gel, such as  adsorption.
A Li -  e thy lened iam inete traacetic  acid ( EDTA ) complex w as used to  approx­
im a te  organically  bound lith ium . The complex h ad  a  m olar ra tio  of 2:1 lith ium  ion 
to EDfA. Half of th e  EDTA binding  sites w ere occupied by lith ium  ions. When th e  
complex w as in jected  onto th e  LC colum n, i t  h ad  a  re ten tio n  tim e of about 1.3 m in  
(Figure 61). Thus, th e  silica  gel colum n could sep ara te  ionic lith ium  from  EDTA 
bound lith ium . But, th e  5 pi erf Li in jected  as  th e  EDTA complex produced an  
em ission signal th a t  w as  5 or 6 tim es as  in ten se  as  th e  signal produced by th e  
sam e am oun t of ionic lith ium . This ind icated  th a t  th e  unoccupied binding sites on 
th e  EDTA w ere pulling adsorbed lith ium  off of th e  silica gel column.
Confirm ation of lith iu m  adsorption w as obtained w hen  a n  in jection  of a n  EDTA 
solution w hich contained no lith ium  resu lted  in  a la rge  lith ium  em ission signal.
TABLE XV
Tupical Conditions Used for th e  Liquid C h ro m a to g ra p h s  
Flam e Atomic Emission Spectrom etru Studies
Emission W avelength 
Background Correction W avelength 
Photom ultiplier Tube Voltage 
m onochrom ator Slit W idth 
Liquid C hrom atograph Flow Rate 
Flam e Conditions
671 n m  
674 nm  
5 0 0 -650 V 
0.01 -  0.04 nm  
0.5 -  2 m L/m in 
lean , oxidizing
Figure 61
Liquid Chromatograms of LiCI and LiCI + EDTR 
Using the  Silica Gel Column
5 jiL 1000 jig/mL Li 
+ EDTR (2:1 ratio)
5 jiL 1000 jig/mL Li
5 min
T
( T e m p e r a t u r e )
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A pparently, th e  EDTA complexed lith ium  w hich  h ad  adsorbed to th e  silica gel and  
flushed i t  out of th e  colum n.
The silica gel colum n w as unsu itab le  for lith ium  analyses because of its  strong  
affinity  for th e  lith ium  ion. Any molecule to w hich  lith ium  w as only ligh tly  bound 
m ig h t not be able to re ta in  th e  lith ium  in  th e  presence of silica gel. In such a  case, 
th e  m olecular lith iu m  specie sought would be destroyed.
b. Carboxu ITlethulcellulose Column
Three te s t solutions w ere  in jected  onto th is  colum n. Solutions of lith ium  ion. 
Li - EDTA complex (2:1) a n d  Li -  EDTA complex w ith  excess lith ium  (greater th a t  a  4:1 
m olar ratio) all resu lted  in  a  single peak w ith  a  re ten tio n  tim e of 6.3 m inutes. 
These re su lts  indicated  th a t  th e  ion exchange re s in  h ad  stripped  th e  lith ium  out of 
th e  Li -  EDTA complex. The lith iu m  from  th e  complex th e n  behaved like lith ium  ion, 
as  it  passed  down th e  colum n.
This colum n packing m a te ria l w as unsu itab le  because i t  rem oved lith ium  
from  an y  molecule to w hich  i t  w as only ligh tly  bound.
c. C8 -  Reversed Phase Column
Four sam ples w ere in jected  onto th is  colum n: 1) a  solution of ionic lith ium  (as 
th e  chloride), 2) a  solution of th e  Li -  EDTA complex, 3) blood serum  to w hich 
lith ium  had  been added (spiked serum ) an d  4 )  blood serum  from  m en ta l pa tien ts  
undergoing lith ium  tre a tm e n t ( tre a te d  se ru m  ). Each of th e  peaks gave a  single 
peak w ith  exactly th e  sam e  re te n tio n  tim e  ( Figure 62).
These re su lts  ind icated  several possibilities. 1) There w as only one lith ium  
specie p resen t in  th e  blood serum  sam ples. 2) The colum n packing m a teria l
2 0 0
Figure 62
Liquid Chromatograms using the  C8 Reversed Phase Column 
of  LiCI, LiCI + EDTR, Doped Serum and Treated Serum
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disrupted  th e  bound lith ium  specie or species, w h ich  resu lted  in  only th e  free 
lith ium  ion m oving th rough  th e  column. 3) The colum n w as unable to separa te  
ionic lith ium  from  EDTA bound lith ium  and  could no t sep ara te  th e  various lith ium  
species in  th e  blood serum .
The second possibility is com m on to all ch rom atography  techniques. In 
serum , any  bound lith ium  species would quite likely be in  equilibrium  w ith  ionic 
lith ium . The mobile to  s ta tio n a ry  phase  equilibrium  w h ich  takes place in  
chrom atography  could very  easily d isru p t th e  lith ium  equilibrium  an d  re su lt in  
th e  destruction of any  bound lith ium  species. Therefore, ch rom atography  m ay  be 
a n  inappropriate  technique for these  lith ium  studies.
E. EVOLVED GAS -  FLATTIE ATOmiC E m iss io n  SPECTROmETRY
1. Experim en ta l
A m lcro llter sy ringe w as used to  place 1 -  2 pL of solution on th e  point of th e  
"V" shaped Pt -  loop. The loop w as in serted  in to  th e  g lass adap ter. The h ea ting  
cycle w as begun. After th e  h ea tin g  cycle w as com plete, th e  Pt -  loop w as allowed to 
cool for a t  least 30 s before th e  next sam ple w as ru n .
2. Results an d  Discussion
a. S tandard  Therm ogram s
i. Lithium  Chloride
The typical lith ium  chloride th e rm o g ram  h ad  two peaks ( Figure 63). The firs t 
peak w as fairly  sh arp . It w as a ttr ib u ted  to  th e  vaporization  and /o r decom position
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of lith ium  chloride a t  a  tem p era tu re  Just above th e  m elting  point of the  sa lt 
(m elting point = 605 *C). Lithium  chloride h a s  been reported  to decompose very  
slowly w ith  th e  re lease  of chlorine gas, w hen  hea ted  [152]. This w as supported by 
observing th e  copious fum es w h ich  arose from  m olten  lith ium  chloride. During 
th is  decom position , p a r t  of th e  lith ium  w as volatilized an d  sw ept in to  th e  bu rner 
flam e. The appearance tem p era tu re  of th e  f irs t peak corresponded roughly to the  
m elting  point of lith ium  chloride.
A second peak w as a ttr ib u ted  to th e  vaporization and /o r decomposition of 
lith ium  carbonate , w hich  w as form ed by action of th e  a tm osphere on the 
decom position products of th e  lith ium  chloride. This w as verified by hea ting  
lith ium  chloride to  about 700 *C. After 30 -  60 m inu tes, th e  lith ium  chloride w as 
converted to  th e  carbonate , w h ich  is  one of th e  few insoluble lith ium  sa lts . The 
appearance tem p era tu re  of th e  second peak corresponded roughly to  the  
m elting/decom position tem p era tu re  of lith ium  carbonate  (1310 *C].
A possible rou te  for th e  form ation  of lith ium  carbonate  is show n in  Figure 64. 
Lithium  chloride reported ly  [152] undergoes lim ited  decomposition on h ea tin g  to 
n e a r  its  m e ltin g  point, w ith  th e  re lease  of chlorine. Elemental lith ium  is probably 
also released  (eqn . 1). Lithium  reac ts  w ith  w a te r to form  lith ium  hydroxide 
( eqn. 2). Alkali m e ta l hydroxides a re  excellent trap p in g  agen ts  for carbon dioxide. 
When th e  lith ium  hydroxide tra p s  carbon dioxide, th e  alkali m etal b icarbonate is 
form ed (eqn. 3). Alkali m e ta l b icarbonates w ere no t s tab le  a t  h igh  tem peratu res. 
Lithium bicarbonate  decomposes to form  lith ium  carbona te  ( eqn. 4)
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Figure 63
Thermograms of  Lithium Chloride, Lithium Carbonate 
and Lithium Phosphate
T i m e ( T e m p e r a t u r e )
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ii. L ithium  Carbonate
The lith ium  carbona te  the rm o g ram  h ad  tw o peaks ( Figure 63 ). The f irs t peak 
w as r a th e r  sm all. It w as probably due to  lith iu m  chloride form ed from  th e  residual 
chloride ion p resen t in  th e  deionized distilled w a te r  ( DDW ).
The second peak w as m uch larger. It w as a ttribu ted  to lith ium  carbonate. The 
appearance tem p era tu re  of th e  m a jo r peak in  th e  lith ium  carbonate  therm ogram  
m atched  th a t  of th e  second peak in  th e  lith ium  chloride therm ogram . This 
s tren g th en ed  th e  hypothesis th a t  th e  second peak from  th e  lith ium  chloride 
solutionwas due to  lith ium  carbonate.
iii. Lithium  Phosphate
The lith ium  phosphate  th e rm o g ram  h ad  tw o peaks ( Figure 63 ). As w ith  
lith ium  carbonate , th e  f ir s t  peak w as sm all and  w as a ttrib u ted  to lith ium  chloride 
form ed by chloride con tam ination  in  th e  DDW.
The second peak w as m uch  la rger. I t w as a ttrib u ted  to  lith ium  phosphate. 
The appearance tem p era tu re  for th is  peak w as h ig h e r th a n  for the  second peak in  
th e  th e rm o g ram s of th e  o ther lith ium  sa lts .
b. Effects of Complexina Agents on th e  Lithium 
Chloride Therm ogram
Solutions of lith iu m  w ith  EDTA an d  n itrllo triace tic  acid ( flTA ) w ere studied. 
As seen in  Figure 65, th e  th e rm o g ram s obtained for these solutions w ere dependent 
upon th e  pH. The pH w as ad justed  using  am m onium  hydroxide and  hydrochloric 
acid.
At pH levels of 6 -  8, a  m ore stab le  lith ium  complex w as form ed [126]. The
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Figure 64
Proposed Mechanism for th e  Formation of Li2C03 from LiCI
i n  L i C I  ► Li° + Cl 2
<2) Li° + H20  ► LiDH + H2
C3i LiOH + CO 2 --------► LiHC03
(4) 2L iH C 03  ► Li2C03 + H20 + C02
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the rm o g ram  showed only one peak. This peak h ad  a n  appearance tem p era tu re  
betw een those of th e  peaks in  th e  unbound lith ium  chloride therm ogram .
In th e  low pH ran g e , th e  hydrogen ion displaced th e  lith ium  ion from  th e  EDTA 
a n d  TITA binding sites. The th e rm o g ram s for th ese  solutions closely resem bled th e  
th e rm o g ram s of th e  pure lith ium  chloride solution.
The EG - FAES technique w as able to d iscrim inate  betw een EDTA or PITA bound 
lith ium  and  unbound lith ium .
c. Effects of Changes in  A tm osphere on the  
Lithium Chloride Therm ogram
As discussed previously, th e  second peak in  th e  lith ium  chloride therm ogram  
w as a ttrib u ted  to the  lith ium  carbonate. Several different atm ospheres w ere 
utilized in  a n  effort to confirm  th e  iden tity  of th e  second peak and  to  elim inate  it.
i. Effect of Added W ater Vapor
W ater vapor w as added to th e  a ir  en te rin g  th e  P t -  loop housing by passing  th e  
a ir  th rough  a  w a te r sparger. The re su ltin g  lith ium  chloride therm ogram  h ad  a 
carbonate peak w hich  w as la rg e r th a n  in  th e rm o g ram s obtained w ithout the  
w a te r sp arg er ( Figure 66). This indicated th a t  th e  form ation  of lith ium  carbonate  
w as enhanced by th e  added w a te r vapor, a s  expected.
ii. Effect of Removal of W ater Vapor
W ater vapor w as rem oved from  th e  a ir  en te rin g  th e  P t -  loop housing by 
p assing  th e  a ir  th rough  a  silica  gel w a te r  sparger. The resu lting  lith ium  
th e rm o g ram s had  a  carbonate  peak w hich  w as sm a lle r th a n  in  th e  the rm o g ram s 
obtained w ithout th e  w a te r  sp a rg e r ( Figure 66). As expected, th e  lack of w a te r
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Figure 65
Therntogrsm s o f  LiCI w ith  EDTR and NTR a t  Various pH's
pH = 6 - 8 pH = t - 2
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vapor suppressed th e  form ation  of lith ium  carbonate. However, th e  carbonate  
form ation  w as no t prevented altogether. This indicated th a t  the  traces of w ate r 
th a t  w ere able to pass th rough  th e  w a te r scrubber w ere sufficient to convert som e 
of th e  lith ium  to  th e  carbonate.
iii. Effect of an  Inert A tm osphere 
Argon w as used to provide a n  in e r t  atm osphere. The gas w as scrubbed bg 
silica gel and  ho t copper scrubbers to rem ove w a te r vapor and  oxygen, 
respectively. The resu ltin g  therm ogram  for lith ium  chloride w as very s im ila r to 
th e  the rm o g ram  obtained using  room  air. After th is  study w as completed, th e  
im portance of th e  hum id ity  of th e  room  a ir  becam e apparen t. When th is  
experim ent w as perform ed, th e  hum idity  of th e  room  a ir  w as very  low. Thus, little  
or no im provem ent could be expected of a  d ry  argon  a tm osphere w hen com pared 
to a  d ry  a ir  atm osphere. I t  w as im p o rtan t th a t  th e  use of a n  in e r t  atm osphere did 
not e lim inate  th e  carbona te  form ation.
d. Therm ogram s of Lithium  in  Blood Serum 
Typical th e rm o g ram s resu lting  from  blood serum  to w h ich  lith ium , as th e  
chloride, h ad  been added ( spiked serum  ) a re  show n in  Figure 67. Therm ogram s of 
blood serum  from  m en ta l p a tien ts  under lith ium  tre a tm e n t ( trea ted  serum  ) a re  
show n in  Figure 68. In  both  cases, th e  the rm ogram s w ere no t very  reproducible 
from  one ru n  to  th e  next, bu t p a tte rn s  w ere recognized in  th e  th e rm o g ram s for th e  
sam e sam ple. Even over a  tim e  period of a  few days, th e  sam e sam ple gave a  
s im ila r the rm ogram . There w ere no d is tin c t differences in  the rm ogram s for 
spiked serum  as  opposed to trea ted  serum . It appeared th a t  a  g rea te r proportion of
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Figure 66
Thermograms o f  LiCI in Uarious Atm ospheres
22 Ja n  1982
room air
L A .
dried air
m a te r
s a tu ra te d
6 Ja n  1982
room air
dried argon
5 min
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Figure 67
Typical Thermograms of Spiked Serum
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Typical Thermograms o f  Treated Serum
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spiked serum  sam ples displayed a  th e rm o g ram  sim ila r to  th a t  of pure lith ium  
chloride. Too few sam ples w ere ru n  for th a t  difference to be s ta tis tica lly  
significant.
3. Conclusions
This technique w as not pursued fu r th e r  for several reasons. The serum  
th e rm o g ram s displayed observable differences from  one sam ple to  th e  next. 
However, they  w eren 't reproducible enough for conclusions to  be d raw n  w ithout 
ru n n in g  each sam ple m an y  tim es. Also, m an y  of the  blood serum  the rm ogram s 
had  a  peak th a t  corresponded to th e  lith ium  carbonate  peak. Because the  
form ation of lith iu m  carbonate  from  th e  decom position of lith ium  chloride could 
not be prevented, i t  could no t be determ ined  w h e th e r th e  serum  peak w as due to 
lith ium  chloride, lith ium  carbonate  or som e o ther lith ium  specie.
F. LITHIUm -  7 FOURIER TRAJlSFORm nUCLEAR IHAGIIETIC RESOnAflCE 
SPECTROmETRY
1. Experim ental
All spiked an d  trea ted  serum  sam ples w ere kept refrigera ted  except during  
th e  actual FlIHR experim ents, w h en  room  tem p era tu re  w as a tta ined .
nm R tubes for all sam ples w ere 10 m m  in  d iam eter. A sm alle r reference tube, 
con tain ing  deu terated  w a te r, w as inserted  in to  th e  sam ple tube. This w as to 
provide for th e  deuterium  lock required  by th e  in s tru m en t.
2. Results
A spectrum  of 1 Mq/niL Li in  DDW w as obtained and  th e  frequency of th e  sing let
213
w as used as  a  reference for th e  o ther spectra . The sing le t obtained from  a  sam ple 
con tain ing  5 pg/mL Li in  sa line  solution w as no t significantly  sh ifted  from  the 
reference.
The trea ted  serum  sam ples w ere allowed to ru n  over n igh t. A total of 48400 
scans w ere accum ulated for one spectrum  and  10572 scans for th e  o ther. The 
sp ec tra  obtained a re  show n in  Figure 69. In  both  cases , a  la rge  sing le t w as obtained 
a t  v irtually  th e  sam e position as th e  reference. Small differences in  th e  chem ical 
sh ift w ere judged insignificant. However, a  second, m uch sm aller, peak could be 
seen a t  approxim ately -  0.3 ppm. It w as difficult to determ ine w h eth er th is  signal 
w as rea l or sim ply a  sp inn ing  side band.
The sp ec tra  for two spiked serum  sam ples a re  show n in  Figure 70. They 
resu lted  from  th e  collection of 20300 scans for one spectrum  and  29880 for the  o ther 
sam ple. In each case, only one peak w as seen, hav ing  th e  sam e position as the 
reference. Peaks on each side  of th e  sing le t w ere judged to be sp inn ing  sidebands 
because of th e ir  sym m etry  an d  frequency difference.
The concen tration  of lith ium  in  no rm al blood is lower th a n  in  trea ted  blood by 
th ree  orders of m agnitude. Such low levels a re  below the  detection lim it for the 
spectrom eter used. Thus, no  sam ples of u n trea ted , unspiked serum  w ere run .
3. Conclusions
The re su lts  of th is  lim ited  study ind icate  th a t  lith ium  m ay  exist in  two form s 
in  th e  blood serum  of som e m en ta l p a tien ts  undergoing lith ium  trea tm e n t. When 
blood serum  from  n o n -p a tien ts  w as spiked, i t  showed only one form . There a re  a t  
least two explanations for th is  second lith iu m  specie. It m ay  be a  re su lt of 1) a
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Figure 69
Li FT - NMR Spectra  of Two Treated Serum Samples
ppm
The sp ec tra  w ere obtained  from  trea ted  blood se ra  (from m en ta l 
patien ts). The top  spectrum  rep resen ts  accum ulation of 48400 scans. 
The bottom  spectrum  rep resen ts  accum ulation of 10672 scans, note 
th e  sm all peak a t  -  0.3 ppm  (indicated by arrow ) in  bo th  spectra .
Figure 70
Li FT - NMR Spectra  of Tluo Spiked Serum Samples
01 1
ppm
The sp ec tra  w ere obtained  from  no rm al blood se ra  spiked w ith  
lith ium . The lop sp ec trum  rep resen ts  th e  accum ulation of 29880 
scan s of se ru m  w ith  approxim ately 20 |ig/mL Li. The bottom  
spectrum  rep resen ts  th e  accum ulation  of 16836 scan s  of serum  w ith  
approxim ately 10|ig/mL Li.
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m etabolic process w hich  takes place in  m en ta lly  ill and /o r no rm al persons, or 2) 
lith ium  binding to a  compound or com pounds p resen t a t  a  m uch h igher 
concen tration  in  th e  serum  of ce rta in  m en ta l patien ts. Further work needs to be 
done to  confirm  these  d a ta  on a  la rg e r sam ple  of pa tien ts . The d a ta  presented  here  
a re  too sp arse  to Justify firm  conclusions. Even so, th e  re su lts  illu stra ted  th e  
feasib ility  of using  Li -  7 WllR for th e  detection of different lith ium  species in  serum .
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PART OTIE. DEVELOPmmT OF A T1EW CARBOn FUR DACE FOR ATOmiC ABSORPTIOD 
SPECTROmETRY.
A new, m ultipurpose carbon furnace w as designed and  tested for quan tita tive  
atom ic absorption spectrom etry . The furnace h ad  two separate ly  controlled 
h ea tin g  cham bers, one for vaporization of th e  sam ple and  the  o th e r for 
atom ization  of th e  sam ple.
Basically, th ree  m odes of furnace operation w ere investigated. Q uantitation 
w as investigated  w ith  (a) th e  atom ization section ho t and  (b) th e  atom ization 
section cold, for trap p in g  before atom ization. The vaporization section w as heated 
quickly in  each case. Speciation of lead compounds w as carried  out by slowly 
h ea tin g  th e  vaporization section, w hile th e  atom ization section w as hot. 
V ariations on these  basic m ethods (including th e  use of a  carbon rod sam pling  
device) w ere also studied. Elements investigated  included lead, m ercury , zinc, 
copper, nickel, tin , arsen ic , an d  m agnesium . The new  furnace design w as show n 
(i) to e lim inate  sam ple loss, (ii) to reduce m olecular background absorption, (iii) to 
be capable of m an y  different modes of operation and  (iv) to be capable of speciation. 
It w as m uch m ore v ersa tile  th a n  com m ercially  available models.
PART TWO. STUDIES On SPEClATIOn OF LITHIUm in  BLOOD.
The use an d  efficacy: of lith ium  in  th e  tre a tm e n t of ce rta in  m en ta l disorders is 
well know n, but its  m ode of action  is no t known. Several studies w ere carried  out 
w ith  th e  goal of detecting tw o or m ore lith ium  species in  th e  blood serum  of m en ta l 
p a tien ts  undergoing lith iu m  trea tm e n t. "Coupled" techniques investigated  
included liquid ch rom atography  -  furnace atom ic absorption, liquid 
ch rom atography  - inductively coupled p lasm a atom ic em ission, ■ liquid 
chrom atography  -  flam e a tom ic em ission and  evolved gas analysis -  flam e atom ic 
em ission. For various reasons, d a ta  obtained w ith  these  techniques w ere 
inconclusive. Li -  7 Fourier tran sfo rm /n u c lear m agnetic  resonance w as used to 
detect tw o lith ium  peaks, w hich  indicated th e  possible presence of two lith ium  
species in  th e  blood serum  of two m en ta l p a tien ts  undergoing lith ium  trea tm en t.
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